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This thesis advanced the study of structural relaxation into binary and tertiary 
food systems. It studied the effect of anti-plasticizers glucose syrup solid (GSS) 
and starch addition on sucrose based amorphous mixtures. It also studied the 
effect of plasticizer water addition on these two binary systems. Furthermore, 
it attempted to reveal the relationship between micro and macro level 
structural relaxations. Meanwhile, β value in Kohlrausch-Williams-Watts 
(KWW) equation was theoretically proved to be independent of sub-Tg aging 
temperature. 
 
In the sucrose-GSS system, increase of GSS generally did not elevate its Tg 
until its addition was more than 50% (w/w). A eutectic-like effect was found 
on Tg of S75G25.  
GSS addition increased relaxation time spectrum and reduced relaxation speed 
for enthalpy relaxation 
 
In sucrose-GSS-water system, the plasticization effect of water addition on 
glass transition was straightforward. Its addition showed complicated effects 
on the enthalpy relaxation. No clear relationship between β and water addition 
was found. Its initial addition from anhydrous state reduced enthalpy 
relaxation speed. But its further addition increased enthalpy relaxation speed 
(only for sucrose and GSS in this study). An exceptional case was found for 
S75G25 with an initial acceleration effect followed by retardation effect. 
 
viii 
In sucrose-starch system, increasing starch content did not increase Tg of the 
mixtures dramatically. It slightly reduced relaxation spectrum but dramatically 
reduced relaxation speed. 
 
In sucrose-starch-water system, water addition had a straightforward 
plasticization effect on glass transition. But it had different component-
specific effects on the enthalpy relaxation. There was no clear relationship 
between β values and water addition. Water had a retardation effect on the 
enthalpy relaxation speed by its initial addition from anhydrous state followed 
by an acceleration effect for further addition. However, its initial retardation 
effect was absent in Su20St80 and Su60St40. 
 
During the sub-Tg storage of the sucrose-starch tablets at 10˚C below their 
corresponding Tg, a sudden increase of Young’s modulus (E) was found in the 
first 2 days during which a fast enthalpy relaxation took place. The Young’s 
modulus fell back to its previous level after this period and remained similar 
while a slow enthalpy relaxation took place. 
 
The sucrose-GSS based candy system was aged at three temperatures with 
different distance below their corresponding Tg in different humidity 
environments. The relationship between enthalpy relaxation and texture 
change depended on the stage of the enthalpy relaxation. There was an initial 
rapid stage of the enthalpy relaxation followed by a slow stage. In the initial 
rapid stage, there was no definite relationship between them. In the later slow 
stage, no definite relationship could be found between them either. However, 
ix 
when the enthalpy relaxation transited from the rapid stage to the slow stage, a 
sudden increase of breaking force was observed.  
 
In this thesis, the value of β was proved to be independent of aging 
temperatures for a glass, which means β should be the same for a glass at all 
aging temperatures. Mathematical modeling using same β for all aging 
temperatures and Matlab programming produced results with clearer trends 
and good model quality. 
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Many food processing operations involve phase change and phase separation, 
for example, drying (including spray drying, hot air drying and freeze drying),  
freezing and rapid cooling,  grinding (i.e. ball-milling) and extrusion. These 
processes result in an amorphous or partially amorphous structure in processed 
foods (1-5) such as hard candy, milk powder, starch, and bread. The wide 
existence of amorphous foods makes it important to understand the nature of 
amorphous state, its state transitions and the corresponding impact on food 
quality during storage. 
 
Amorphous state is a solid state that is different from crystalline state. It is 
characterized by short-range molecular order similar to that in crystal for a few 
molecular dimensions (3, 6, 7) but without long-range order of molecular 
packing that characterizes the crystal (6). Amorphous solid is generally 
characterized by its liquid-like structure with a viscosity higher than 1012 Pa.s 
(3). It is also named as a glass. When a glass is heated, it turns to a viscous 
liquid called super-cooled melt. This phenomenon, together with its reverse 
transformation during cooling, is called glass transition, which is an apparent 
second-order state transition without involvement of latent heat. And the 
temperature range corresponding to glass transition is called glass transition 
temperature (Tg). Tg has been proven to be an effective indicator for food 
quality during storage, due to its relationship with the molecular mobility that 
 2 
determines diffusion-controlled physical and chemical processes and the 
related shelf life. These topics have been extensively discussed by Le Meste et 
al. (5) and Champion et al. (8).  Currently, glass transition concept has been 
linked to microbiological stability, chemical stability, and especially physical 
stability, such as structure, texture, collapse, caking and etc. Meanwhile, 
certain food processing and preservation methods, such as drying, extrusion, 
crystallization, encapsulation, and edible film, have also been linked with 
glass transition. 
 
Amorphous state is a non-equilibrium state, as below the melting temperature 
crystalline state is the only true thermodynamic equilibrium state. So when a 
glass is stored below its Tg (so called sub-Tg storage), it will spontaneously 
tend to approach towards the more stable state. This kind of change is called 
structural relaxation. Structural relaxation is commonly named as enthalpy 
relaxation when enthalpy is monitored or volume relaxation when free volume 
is monitored. Both enthalpy relaxation and volume relaxation are categorized 
as micro-level structural relaxation, because it is believed that structural 
relaxation is also accompanied by changes in macroscopic properties, such as 
permeability (9), hardness (10), density, mechanical strength, and transport 
properties (9), which are categorized as macro-level structural relaxation. In 
the field of synthetic polymer, the micro level structural relaxation (enthalpy 
relaxation) is recognized as an important factor related to changes in the 
physical properties of polymer, because the rate of enthalpy relaxation is 
estimated as the molecular motion at temperature below Tg (11). Due to 
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limited information on the enthalpy relaxation kinetics of food materials, its 
relationship to molecular mobility and food stability is largely unexplored. 
 
1.2. Aims and Objectives 
 
This research project intended to advance the knowledge of structural 
relaxation into binary and tertiary food systems with the below objectives:  
1. to study the effect of GSS (glucose syrup solid) addition on glass 
transition and enthalpy relaxation of sucrose-based amorphous systems; 
2. to study the effect of water addition on glass transition and enthalpy 
relaxation of sucrose-GSS based amorphous systems; 
3. to study the effect of starch addition on glass transition and enthalpy 
relaxation of sucrose-based amorphous systems; 
4. to study the effect of water addition on glass transition and enthalpy 
relaxation of sucrose-starch based amorphous systems; 
5. to study the relationship between micro and macro level structure 
relaxation during sub-Tg relaxation, in sucrose-GSS based candy 
system and sucrose-starch based tablet system. 
 
1.3. Thesis Outline 
 
In the literature, studies on the enthalpy relaxation of food materials were 
limited only to several single food compounds such as sucrose, fructose, 
glucose, maltose, and starch. This thesis extended the study of structural 
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relaxation into binary and tertiary food systems. Two binary food model 
systems were studied including sucrose-starch syrup solid system and sucrose-
starch system.  
 
The effect of GSS addition on the glass transition and enthalpy relaxation of 
sucrose-based binary mixtures are presented in Chapter 3, and the effect of 
starch addition on the glass transition and enthalpy relaxation of sucrose-based 
binary mixtures are discussed in Chapter 6. The effect of water addition on the 
glass transition and enthalpy relaxation of the above two binary systems are 
presented in Chapter 4 and Chapter 7 respectively. Meanwhile, the β value in 
KWW (Kolhrausch-Williams- Watts) equation is proved to be independent of 
aging temperature in Chapter 5. Besides the glass transition and enthalpy 
relaxation, this thesis attempted to reveal the relationship between micro level 
and macro level structural relaxations, i.e. enthalpy relaxation and texture 
changes during sub-Tg storage, which will be discussed in Chapter 8. 
 
This thesis aims to advance the fundamental knowledge of structural 
relaxation to binary food systems at both micro-level and macro-level. The 
ingredients of the two model food systems are the principal ingredients in 
many food products. Foods containing these ingredients are often processed 
by extrusion, thermal treatments such as boiling and freezing, dehydration and 
etc. Therefore they commonly exist in the amorphous or partially amorphous 
state. This research highlighted the importance of structural relaxation on the 
changes in mechanical properties of amorphous food products during storage. 
The knowledge obtained should be very useful for the food processing and 
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pharmaceutical industries to ensure the stability of amorphous foods and 

























2. LITERATURE REVIEW: GLASS TRANSITION 
AND ENTHALPY RELAXATION OF 
AMORPHOUS FOOD SACCHARIDES 
2.1. Introduction 
 
Unlike crystalline structure, the amorphous or glassy state has a kinetically 
non-equilibrium structure. Many food materials exist in a completely or 
partially amorphous state due to food processing (2-5, 12). Glass transition 
refers to the phase transition when a glass is changed into a super-cooled melt 
or the reverse (5). Rapid changes in the physical, mechanical, electrical, 
thermal and other properties of a material can be observed through the glass 
transition (13). Through the measurement of those rapidly changed properties, 
glass transition temperature can be determined. Mathematical models, 
described by the Gordon-Taylor and Couchman-Karasz equations, are able to 
predict the glass transition temperature of multi-component mixtures. 
Although glass transition temperature has been proven to be an effective 
indicator for food quality changes during storage (5, 8, 13), there is evidence 
that physicochemical changes also take place below the glass transition 
temperature (9). 
 
When a glassy material is stored below its glass transition temperature, it 
spontaneously approaches a more stable state (6). This phenomenon is called 
enthalpy relaxation, which is due to the local molecular motion of certain 
molecules or certain parts of some polymer molecules (14). The enthalpy 
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relaxation is both non-exponential and non-linear (5). Such characteristics are 
described by Kohlrausch-Williams-Watts (KWW) and Tool-Narayanaswamy-
Moynihan (TNM) expressions. Although the enthalpy relaxation is of 
molecular origin, it is accompanied by changes in macroscopic properties (9), 
such as density, mechanical properties, and transport properties. Enthalpy 
relaxation is important for food materials stored below the glass transition 
temperature, in consideration of the stability of the physical and chemical 
properties of the materials.  
 
In this chapter, all the above topics are discussed with emphasis on food 
saccharides, one of the most important major components of processed foods. 
Section 2.2 covers the concept of amorphous solids, their molecular 
arrangement, and amorphous food solids. Glass transition and its related topics, 
including molecular mobility, physical property change, measurement, 
prediction model, and its influence on food stability will be discussed in 
Section 2.3. Enthalpy relaxation and its related topics, such as its 
characteristics, measurement, and its influence on food stability will be 
presented in Section 2.4.  
 
2.2. Amorphous Solids 
2.2.1. Concept of Amorphous State 
 
Crystalline state is a well-known solid state, whose molecules are well 
arranged in a regular lattice. Besides the crystalline state, solids could exist in 
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another state called amorphous or glassy state, whose molecular arrangement 
is disordered with reference to the crystalline state. 
 
Amorphous solids are commonly formed through rapid cooling of a liquid 
melt to a certain temperature so that the molecules in the melt do not have 
enough time to rearrange and are frozen to their original position. The formed 
amorphous solid has a liquid-like structure but in the solid phase. An 
amorphous solid is also called a glass and it is characterized by its liquid-like 




Figure 2-1: Illustration of formation of amorphous solids by rapid cooling 
 
When a liquid is slowly cooled down below its melting point, crystals will 
usually form and the liquid solidifies, indicated by line ABLM in Figure 2-1. 
Sometimes it can remain as a liquid below its melting point if there is no 
nucleation site to initiate the crystallization process (line BC in Figure 2-1). If, 
during cooling, the viscosity (resistance to flow) of the supercooled liquid 
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increases rapidly and continuously, then the liquid will never crystallize and it 
forms an amorphous solid (line CE in Figure 2-1), whose molecules are 
disordered and cohesive enough to maintain rigidity. If the supercooled melt is 
allowed to remain as a liquid as temperature decreases (line CO), the 
extrapolation of the liquid line (line ACO) will cross with the crystalline line 
(line LP) at point M, whose corresponding temperature is Tk, the Kauzmann 
temperature. Below Tk, the enthalpy of the supercooled liquid is lower than its 
crystalline solid, and the liquid is more ordered than the solid. This is not 
possible as the order of liquid can not be higher than that of crystalline solid 
and thus is called Kauzmann’s paradox (15). This paradox is avoided in 
practice because, prior to Tk, the supercooled liquid has changed into an 
amorphous solid. 
 
2.2.2. Molecular Arrangement of Amorphous Solids 
 
A liquid to crystal transition is a thermodynamic process, as the crystal state is 
energetically more favorable than the liquid below the melting point. Glass 
formation is purely kinetic, where the disordered glassy state does not have 
enough kinetic energy to overcome the potential energy barriers required for 
the movement of its molecules to pass one another. The molecules of the glass 





Figure 2-2: The structure of an amorphous solid. In the amorphous solid, the 
micro-heterogeneity is presented as the shaded high density α regions and non-
shaded low density β regions.  
 
The molecular arrangement of an amorphous solid (Figure 2-2) can be 
described with reference to a crystalline solid, whose molecular arrangement 
is a regular lattice. Although the arrangement in the amorphous solid is 
disordered, it can have short-range-molecular order (6) similar to that in a 
crystalline solid. For example, a single molecule in the amorphous solid, 
compared to that in the crystalline solid, has a similar number of neighbor 
molecules and a similar distance to the nearest neighbor molecule. But this 
similar short-range molecular order is only over a few molecular dimensions 
(3) and quantified as a few Angstroms (7). However, the surrounding 
environment of a molecule in the glass may not be significantly different from 
that in the crystal. Unlike the crystalline solid, the amorphous solid lacks the 
long-range order of molecular packing (6). In other words, the amorphous 
solid does not have long-range translational orientation symmetry that 
characterizes a crystal. An amorphous solid may have distinct amorphous 
regions, therefore, micro-heterogeneity (16, 17), such as high density α 
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regions and low density β regions which are between high density α regions 
(Figure 2-2). 
 
In general, an amorphous solid has a kinetically frozen liquid-like structure, 
formed by rapid cooling of a melt below its melting temperature. In a glass, 
the translational motion and rotational motion of the molecules are reduced to 
a point of practical insignificance (18). For example, the long range thermal 
motion of individual molecules of small molecular weight materials is frozen 
out, and the wriggling motion of long chains of polymers is also frozen out 
leaving the chains locked into an entangled mass (7). Therefore, the Stokes 
viscosity (local viscosity not the bulk viscosity) is appropriate for 
characterizing glasses (18). Of course, the vibrational mobility does not cease 
until absolute zero temperature is achieved. 
 
2.2.3. Amorphous Food Solid Materials 
 
Amorphous solids exist in many individually important products, such as 
polymers, ceramics, metals, optical materials (glasses and fibers), foods and 
pharmaceuticals (6). Many food processing techniques involves phase changes. 
The phase changes of food components may cause the partial or complete 
destruction of an organized molecular structure to a disorganized structure, 
which forms an amorphous structure. The development of an amorphous food 
structure could result from melting, denaturation, glass transition, 
gelatinization, mechanical shear, rapid removal of dispersing solvent, and 
depolymerisation of large structure. Familiar routes to an amorphous state 
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include drying, such as spray drying  (1) and hot air drying (12); freezing, such 
as rapid cooling (3) and freeze-drying (2); grinding, such as ball-milling (4); 
extrusion (5) and etc. In other words, many processed food materials exist in 
an amorphous state, such as hard candy and many food powders: dairy, instant 
coffee and tea, protein, cheese, spice and etc.  
 
The amorphous state is not a thermodynamic equilibrium state (18), as the 
crystalline state is the favorable low energy state for a material below its 
melting point. There are two major transitions in amorphous solids, glass 
transition and enthalpy relaxation. They both relate to the changes in quality 
and physical properties of amorphous food products during storage (19). 
 
2.3. Glass Transition 
2.3.1. Concept of Glass Transition  
 
In terms of latent heat, glass transition is often referred as a second-order 
phase transition that occurs without the release or absorption of latent heat. 
However, due to the non-equilibrium nature of the glass, glass transition is 
preferred to be called a state transition, rather than a phase transition (20). And 
due to the other features of the glass transition, such as its occurrence over a 
temperature range and the dependence of its determination on experimental 
conditions, it is also preferred to be called a kinetic and relaxation transition, 
rather than a second-order transition (20). The characteristics of glass and 
glass transition, such as those just mentioned, will be discussed more in the 
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Figure 2-3: Physical states of materials, modified from Rahman (13) 
 
Glass transition, or glass-liquid transition, is a name given to the phenomena 
observed when a glass is changed into a supercooled liquid, or to the reverse 
transformation (5). These reversible transformations between supercooled 
liquid and glass are usually brought by heating and cooling (2, 5, 13). The 
glass and supercooled liquid differ in the molecular mobility, i.e., short range 
vibration and rotation in glass, and long-range translation and rotation in 
supercooled liquid (20).  
 
Glass transition temperature (Tg) is defined as the temperature range 
corresponding to the glass-liquid transition. Both the glass and the supercooled 
melt are in the non-crystalline state. In contrast to the glass that is a rigid solid, 
the supercooled melt, between Tg and Tm (melting temperature), can be a 
viscoelastic “rubber” in the case of polymer materials, or a mainly viscous 
liquid for low molecular weight materials. Unlike Tm, Tg is a kinetic parameter, 
depending on the temperature scanning rate and the sample’s thermal history. 
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Nonetheless, Tg is a useful material descriptor owing to its good correlation 
with the structural and thermodynamic properties of the material. The glass 
transition temperatures of some common food saccharides are show in Table 
2-1. 
 
Table 2-1: Glass transition temperature (midpoint) of common anhydrous 
food saccharides. The scanning rate for determining the glass transition 
temperature was at 10°C/min for all data. 
 
Food 
Saccharides Tg (°C) 
a 
Thermal History 
(processed in DSC unless specified 
otherwise) 
Reference
7.47 ± 0.59 
Anhydrous crystals were heated up to
160°C at 20°C/min for complete
melting, and then cooled down to 60°C
below its Tg at -20°C/min. 
Our Lab 
7 b 
Sample was heated up to 167°C at
50°C/min and then cooled down to -
33°C at -50°C/min. 
(21) 
6.79 ± 1.07 
Anhydrous crystals were heated up to 
168°C at 10°C/min and held for 0.3 min.
Then, sample was cooled down to below
its Tg for physical aging. After the aging, 
sample was heated up to 120°C and held
for 10 min. Then, sample was cooled
down to 55°C below its Tg. 
(22) 
Fructose 
5.30 ± 0.25 
Anhydrous crystals were heated up to 
168.2°C at 10°C/min and held for 0.3
min. After that, sample was cooled down
to 55°C below its Tg. 
(23) 
Xylose 13 b Same as that for fructose in (21), as described in the above. (21) 
38 b Same as that for fructose in (21), as described in the above. (21) 
35.42 ± 0.30 
Anhydrous crystals were heated up to
180°C at 20°C/min for complete 
melting, and then cooled down to 60°C
below its Tg at -20°C/min. 
Our Lab 
37.94 ± 0.73 Same as that for fructose in (22), as described in the above. (22) 
Glucose 
37.07 ± 1.19 Same as that for fructose in (23), as described in the above. (23) 
Maltose 41.2 ± 0.10 
Crystals (around 5% w/w moisture) were
heated up to 140°C and hold for 4 min
for melting, and then quench-cooled (≈ -
(24) 
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100°C/min) to -20°C. 
74 b 
10% w/v aqueous solution was held in a 
freeze dryer at -45°C for 72 hours .Then 
the dryer was evacuated to a pressure of
50 mTorr or less. After that, the shelf
temperature was raised successively to: -
35°C for 24 hours, -30°C for 24 hours, -
20°C for 24 hours, -10°C for 12 hours, 
0°C for 12 hours. 25°C for 24 hours and 
60°C for 48 hours. 
(25) 
70 b Same as that for fructose in (21), as described in the above. (21) 
Sucrose 
69.70 ± 0.34 
Anhydrous crystals were heated up to
200°C at 20°C/min for complete
melting, and then cooled down to 60°C
below its Tg at -20°C/min. 
Our Lab 
Glucose Syrup 
Solid (DE=42) 81.28 ± 2.16 
Same as that for sucrose from our 
laboratory, as described in the above. Our Lab 
Raffinose 102 b 
10% w/v aqueous solution was held in a
freeze dryer at -45°C for 2 hours .Then 
the dryer was evacuated to a pressure of
50 mTorr or less. The solution was held
at -45°C for another 8 hours. After that, 
the shelf temperature was raised
successively to: -30°C for 24 hours, -
20°C for 6 hours, 0°C for 24 hours, 25°C
for 24 hours, and 60°C for 48 hours. 
(25) 
Lactose 108 b Same as that for sucrose in (25), as described in the above. (25) 
Trehalose 115 b 
10% w/v aqueous solution was held in a
freeze dryer at -45°C for 2 hours .Then 
the dryer was evacuated to a pressure of
50 mTorr or less. The solution was held
at -45°C for another 8 hours. After that, 
the shelf temperature was raised
successively to: -32°C for 24 hours, -
20°C for 8 hours, -10°C for 2 hours, -
5°C for 4 hours, 25°C for 24 hours, and
60°C for 48 hours. 
(25) 
Dextran 229 b Same as that for sucrose in (25) as described in the above. (26) 
Starch 243 b 
Not applicable. Tg was obtained from 
theoretical calculation based on
experimental data and Fox and Flory
equation. 
(27) 
a Tg values are listed as mean ± standard deviation of Tg midpoint only.  
b Standard deviation was not available in the original reference. 
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Currently, knowledge about the glass transition in foods is mainly 
phenomenological; very little is known about its theoretical aspects (8). 
Compared to amorphous non-food materials including mineral glasses, natural 
and synthetic polymers, amorphous food products and ingredients appear to 
have similar essential features. However food materials are also very different 
from those for two reasons: (1) the frequent heterogeneity in chemical 
composition and (2) the predominant role of water as a plasticizer (8). 
 
2.3.2. Molecular Mobility at Glass Transition Temperature 
 
In the context of food stability, as vibrational mobility is not of concern, 
molecular mobility generally refers to either translational motion or rotational 
motion of the molecules (18). Below the glass transition temperature of a 
material, generally, the molecules lose their translational mobility and only 
retain limited rotational and vibrational mobility. However, in some glassy 
materials formed by big molecules, such as starch or protein, there may be 
some small molecules, such as water, which still retain certain translational 
mobility. 
 
The only stable thermodynamic equilibrium state or the true equilibrium state 
below melting temperature is the crystalline state. A supercooled melt below 
the melting temperature is only in a metastable state, which is apparent 
equilibrium or pseudo-equilibrium over the practical time unless sufficient 
activation energy is provided to overcome the energy barrier and bring it to a 
new equilibrium state with lower free energy. The enthalpy of a supercooled 
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melt varies as temperature decreases, due to the fact that over the life of 
measurement, the sample can explore all possible configurations (ergodicity) 
(7). Glass state is an out-of-equilibrium state as well. It has a liquid-like 
structure similar to supercooled melt, but this liquid-like structure is frozen as 
a result of too long relaxation time (non-ergodicity). But when the material is 
stored at a temperature below but close to Tg, a slow evolution of the 
microstructure can be observed (7). 
 
The characteristic time of mobility τmol, also called relaxation time, is the time 
that is necessary for the recovery of equilibrium conditions after perturbation 
of one property of the materials (8). The relaxation time can be calculated 
from the phenomenological equation describing the rheological properties of 






      Equation 2-1 
where η is viscosity. *G∞  is the factor of proportionality; it has the same 
dimension as the modulus of elasticity and corresponds to the value of the 
modulus at infinite frequency. Based on the concept of relaxation, the glass-
liquid transition region is the temperature range where this relaxation time of 
the material is similar to experimental scale (8). And the glass transition is a 
kinetic and relaxation process associated with the primary relaxation of 
material (α-relaxation) that corresponds to highly cooperative global motion 
(translational) of the matrix molecules. This kinetic relaxation is demonstrated 
by the fact that Tg is raised when the cooling rate is increased during the 
creation of a glass through fast cooling of a supercooled melt.  
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The sensitivity of the relaxation process to temperature depends on the type of 
molecular motions concerned. This dependence can be characterized with 
apparent activation energy (Ea), which corresponds to the minimum interaction 
energy between the molecules. In a supercooled melt, besides the temperature 
effect on the change of free volume between the molecules, there is also an 
increase in the interaction energy, including co-operative motions of the 
molecules. The apparent activation energy is therefore under the influence of 
both change with temperature of the intermolecular interactions and variation 
of the free volume (8). In supercooled melt, the apparent activation energy 
increases as temperature decreases, reaching high value when it is close to Tg. 
It commonly attains 200-400 kJ.mole-1 (5).  
 
2.3.3. Physical Property Changes at Glass Transition Temperature 
 
The glass transition phenomenon is generally characterized by a rapid change 
in the physical, mechanical, electrical, thermal and other properties of a 
material (13). When temperature increases from below to above the glass 
transition temperature, a lot of physical properties of the material suddenly 
change, including an increase in the free volume, heat capacity, thermal 
expansion coefficient and dielectric coefficient, and changes in the viscoelastic 
properties (28). Free volume is the space not occupied by molecules, which 
can be thought as the “elbow room” that molecules require to undergo 
vibrational, rotational, and translational motion (18). 
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Generally, at the glass transition temperature, there are changes in two groups 
of physical properties: rheological properties (viscosity and modulus) and 
thermodynamic properties (enthalpy, volume, heat capacity, expansion 
coefficient). Therefore, measurement techniques of the glass transition 
temperature based on those properties’ changes generally fall into two groups 
and they induce different practical glass transition temperatures. Some of 
those changes are shown in Figure 2-4 & Figure 2-5.  
 
Figure 2-4a and Figure 2-4b illustrate the thermodynamic property changes of 
a glass formed by rapid cooling of a melt. Line 1 refers to the glass transition 
region when cooling from supercooled melt to glass. Line 2 refers to the glass 
transition region when reheating from glass to supercooled melt without 
physical aging (physical aging will be discussed in Section 4). Line 3 refers to 
reheating from glass to supercooled melt after physical aging. As shown in 
Figure 2-4a, the enthalpy or volume increases or decreases suddenly when the 
glass is heated or cooled through the glass transition range. And there is a step 





Figure 2-4: Changes of thermodynamic properties at glass transition 
temperature. Line 1 refers to the glass transition region when cooling from 
supercooled melt to glass. Line 2 refers to the glass transition region when 
reheating from glass to supercooled melt without physical aging. Line 3 refers 
to reheating from glass to supercooled melt after physical aging. In part (a), 
the enthalpy or volume increases or decreases suddenly when the glass is 
heated or cooled through the glass transition range. In part (b), there is a step 





Figure 2-5: Changes of rheological properties at glass transition temperature 
 
Figure 2-5b indicates changes in the Young’s modulus (E) through the glass 
transition range. Changes in viscosity during the glass transition are shown in 
Figure 2-5a. The temperature dependence of viscosity below the glass 









For a supercooled melt, the flow behavior is no longer Arrhenius-like, and its 
mechanical properties are strongly dependent on temperature where the 
temperature coefficient increases as temperature decreases. The most popular 
expressions are Vogel-Tammann-Fulcher (VTF) (Equation 2-3) and Williams-




















⎛ ⎞ −⎜ ⎟ = −⎜ ⎟ + −⎝ ⎠     Equation 2-4 
where η and ηTg are viscosities at T and Tg respectively; η0, B, T0 and C1 and 
C2 are phenomenological coefficients. Both expressions can be inter-converted 
according to the following relations between the coefficients ( ' / ln10B B= ): 
'
1
0 0( ) ln10g g
B BC
T T T T
= =− −     
Equation 2-5 
2 0gC T T= −       Equation 2-6 
In addition, the VTF and WLF expressions can also be applicable to τmol 
obtained with, for example, mechanical spectroscopy. When the temperature 
dependence of molecular motion is described by VTF equation, the molecular 





τ τ= −      
Equation 2-7 
where D, T0 and τ0 are constants. The value of T0 in VTF equation is believed 
to correspond to the theoretical Kauzmann temperature (Tk), and τ0 can be 
related to relaxation time constant. Kauzmann temperature Tk is the critical 
temperature to mark the lower limit of the experimental glass transition 
temperature and at Tk the configurational entropy of the system reaches zero 
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(3). When T0 is 0, the familiar Arrhenius equation is obtained, and D is 
directly proportional to the activation energy for molecular motion. When T0 
is greater than 0, there is a temperature dependent apparent activation energy 
(3).  
 
C1 and C2 in WLF equation can fluctuate slightly around the “universal” 
values given by William et. al. (29) (C1 = 17.4 and C2 = 51.6) as a function of 
the considered material. According to Angell et. al.(30), this is probably true 
for C1 (C1 ≈ 17 if the expression is used for the variation of viscosity, or 16 if 
it is applied to the relaxation time), but not for C2. The variation of C2 
corresponds to the classification proposed by Angell (31) to strong/fragile 
materials according to the variation of their dynamic properties through the 
glass transition. 
 
The fragility parameter m was introduced to differentiate fragile systems from 
strong ones. By definition, m is the slope of the scaled Arrhenius plot of 
viscosity when temperature approaches Tg from above. This parameter m can 







     
Equation 2-8 






     
Equation 2-9 
As mentioned above, C1 approximates to 17 if the expression is used for the 
variation of viscosity, or 16 if it is applied to the relaxation time. Therefore, 





     
Equation 2-10 




     
Equation 2-11 
(for a viscosity study). 







      
Equation 2-12 
where Ea is apparent activation energy (kJ.mol-1). Alternatively, m can be 
calculated through the DSC measurement of Tg (32). 
 
According to Hancock and Zografi (3), a strong liquid (16<m<100) typically 
exhibits Arrhenius-like behavior or weak temperature dependence of the 
molecular mobility, but a fragile liquid (100<m<200) has much stronger 
temperature dependence of the molecular mobility near Tg. Meanwhile, a 
strong liquid has a relatively small change in the heat capacity at Tg while a 
weak liquid has a relatively large change. In other words, compared to strong 
liquids, the molecular mobility in fragile liquids changes more rapidly with 
temperature near Tg, therefore its molecular arrangement or its configuration 
structure is broken down more rapidly as well. An “Angell plot” is used to 
illustrate the difference between two liquids (Figure 2-6). In general, 
compared to high molecular weight materials, lower molecular weight 





Figure 2-6:  “Angell plot” illustrating the strong (Arrhenius type) and fragile 
(non-Arrhenius type) liquid behaviour. 
 
2.3.4. Measurement of Glass Transition Temperature of Food 
Saccharides 
 
As mentioned in the previous section, there is an abrupt change in several 
properties of the material in the glass transition range. All of them could be 
used for the determination of Tg. Generally Tg is determined by DSC 
(differential scanning calorimetry) measuring the change in thermodynamic 
properties, such as heat capacity, or by DMTA (dynamic mechanical thermal 
analysis) measuring the change in the rheological properties, such as the 
storage and loss moduli. Among those measurement techniques, DSC has 
become the most popular. During a DSC measurement, the Tg determination 
should take into account the effect of intrinsic factors and extrinsic factors. In 
general, the intrinsic factors include: 
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• sample composition, such as the presence of impurities, especially the 
universal plasticizer water, which depresses the sample’s Tg greatly (Table 
2-2); 
• thermal history, which determines the sample’s physical states. For 
example, the presence of crystals due to re-crystallization after the 
manufacture of an amorphous solid decreases its specific heat capacity 
over the glass transition range, and its melting peak during heating could 
overlap with the glass transition signals if it appears in the vicinity of Tg. 
Furthermore, the enthalpy recovery peak due to physical aging (Figure 2-7) 
could shift the glass transition temperature determined by the 
corresponding instrument software.  
 
The extrinsic factors due to the kinetic character of glass transition include: 
• heating rate, on which the glass transition temperature’s dependence is 
well-known. The higher the heating rate, the higher the measured Tg by 
DSC; 
•  cooling rate if the glass sample is created by cooling from a melt, on 
which the glass transition temperature’s dependence could be described as: 
the higher the cooling rate, the higher the determined Tg, provided the 
scanning rate for Tg determination is the same; 
• occurrence of glass transition over a temperature span (in general 5-20°C 
for food saccharides), due to which it is hard to choose a single 
temperature to report as the sample’s Tg, since none of the software-


















Figure 2-7: Glass transition measured using DSC for (a) an unaged sample 
showing the locations of the onset, midpoint, endpoint, endset Tg values and 
change of heat capacity ΔCp at Tg; (b) an aged sample where the area under 
the endotherm associated with Tg is defined as enthalpy recovery ΔH. 
 
In order to make the DSC determined Tg consistent and comparable for 
reported values in the literature, several recommendations were made in our 






Table 2-2: Glass transition temperature of amorphous sucrose with various 
moisture contents. 
 
Sucrose Tg  (°C) Moisture Content (%) Measured a Predicted b 
0 74 74 
0.99 60 68 
1.47 58 65 
1.98 50 62 
3.13 32 55 
a Data from (25). 
b The predicted values were calculated based on the Couchman-Karasz Euqation using Tg and 
ΔCp values of amorphous sucrose and amorphous water. Amorphous sucrose: Tg = 74°C, 
ΔCp=0.64 J/(g °C). Amorphous water: Tg =-139°C, ΔCp=1.94 J/(g °C). 
 
Measurement of the glass transition temperature of food saccharides usually 
involves the melting of crystals and fast cooling of the melt to create a glass. 
The glass transition temperature is determined through reheating the created 




Figure 2-8: DSC temperature profile to create sugar a glassy structure, 
determination of Tg of created glass, and measurement of the enthalpy 
relaxation of glass at aging temperature Ta for aging time ta. 
 29 
 
Generally, for anhydrous amorphous starch, Tg is experimentally inaccessible 
and its estimated Tg is in the range of 230-240°C (27). During the heating of 
anhydrous amorphous starch, thermal degradation of starch polymers could 
take place before the Tg range. A common practice is to add water to the starch 
to bring down its Tg so that it could be determined before the thermal 
degradation takes place. Then the anhydrous starch Tg could be calculated 
based on extrapolation or mathematical models of Tg.  
 
Although glass transition temperature is generally measured by DSC, for 
products containing starch and flour, DSC does not seem to be sensitive 
enough to detect the glass transition, due to the specific heat change during the 
glass transition being very small. Alternatively, DMTA (dynamic mechanical 
thermal analysis) could be used to determine the sharp change in the 
reheological properties through glass transition so that the glass transition 
temperature could be measured. In DMTA, the glass transition temperature is 
presented as Tα (temperature with indication of measurement frequency). Tα 
could be determined from the temperature dependence of storage modules (E’) 
and loss modulus (E”), and it can be taken as the temperature where E’ starts 
to fall rapidly with increasing heating, or the temperature where E” or the ratio 
of the loss modulus to the storage modulus (i.e. tan δ) reaches a maximum, or 
the temperature where E’ and E” coincide. However, the temperatures Tg and 
Tα should not be considered as fully equivalent, as explained by Champion et 
al. (8).  
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2.3.5. Models for Prediction of Glass Transition Temperature 
 
Glass transition temperature is strongly dependent on molecular weight (5). 
Components that decrease the average molecular weight of a sugar mixture 
generally decrease the mixture’s glass transition temperature (34). The 
following expression is used to describe the dependence of Tg on molecular 







     
Equation 2-13 
where DP is the degree of polymerization, K is a constant and gT ∞ is high 
molecular weight limit of Tg. According to this expression, the more glucose 
monomers the saccharide contains, the higher its Tg. For the data in Table 1, 
this rule is obeyed.    
 
The Gordon-Taylor equation has been used to predict Tg of a binary mixture: 




x T K x T
T
x K x
⋅ + ⋅ ⋅= + ⋅     
Equation 2-14 
where Tg, Tg1 and Tg2 are the glass transition temperatures of the binary 
mixture, component 1, and component 2, respectively, x1 and x2 are the molar 
fraction or weight fraction of component 1 and component 2, respectively, and 
K is the arithmetic average of a series of K values that are obtained by solving 
the equation for a series of binary system at different ratios of components 1 
and 2. The assumption of the Gordon-Taylor equation is ideal volume mixing, 
which assumes that the two components are miscible and their free volumes 
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are additive (35). According to the free volume theory, K is related to the ratio 
of the free volumes of the two components (36) and can be calculated using 












⋅≈ ⋅       
Equation 2-15 
where ρ1 and ρ2 are the density of components 1 and 2, respectively.  
 








Δ= Δ       
Equation 2-16 
where ΔCp is the change in heat capacity of a component between its liquid-
like and glassy states. This K value is developed based on the classical 
thermodynamic theory and with an assumption that the entropy of mixing in 
an amorphous mixture is purely combinatorial. In this situation, the Gordon-
Taylor equation could be rewritten as the Couchman-Karasz equation:  
1 1 1 2 2 2
1 1 2 2
p g p g
g
p p
C x T C x T
T
C x C x
Δ ⋅ ⋅ + Δ ⋅ ⋅= Δ ⋅ + Δ ⋅    
Equation 2-17 
Truong et al. (38) derived the Couchman-Karasz equation and applied it not 
only to binary systems, but also to ternary, quaternary and higher-order 
systems. 
 
Although the Gordon-Taylor equation is well accepted to predict Tg of binary 
mixtures, the assumption of ideal mixing associated with the free volume 
theory is seldom achieved in practice. The ideal mixing assumes that the free 
volumes are additive and no specific interaction takes place between the 
components during mixing. With the assumption of ideal mixing, the low 
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molecular weight compounds (plasticizer) have the plasticization effect (i.e. 
lower the value of Tg) as they have higher free volume than polymers, 
according to the free volume theory. Addition of plasticizers increases the free 
volume for polymers’ molecular mobility. However, due to the presence of 
hydrophilic groups in the saccharides, their mixing usually induces the 
formation of hydrogen bonding, causing the mixture’s Tg to be higher than the 
predicted value. However, the general trends are obeyed when saccharides are 
mixed, e.g. addition of mono- or disaccharides into polysaccharides lower the 
Tg value. Kalichevsky et al. (39) studied the plasticization effect of sugars on 
amylopectin. They found the degree of plasticization appeared to increase in 
the following order: sucrose < glucose < xylose < fructose. Sucrose (Tg = 
69°C) is a disaccharide and has a higher molecular weight and Tg than the rest, 
therefore it is expected to have a reduced plasticizing effect when compared to 
the other sugars. Glucose (Tg = 38°C) and fructose (Tg = 7°C) have the same 
molecular weight but fructose has a lower Tg, therefore fructose is expected to 
have a greater plasticizing effect. Xylose (Tg = 13°C) has the lowest molecular 
weight but a slightly higher Tg than fructose. 
 
It is also reported that addition of small amount of plasticizers or anti-
plasticizers has no significant effect on Tg. This is different from the 
predication of the Gordon-Taylor equation. In the study of Shamblin et. al. (35, 
40), small amounts (up to 25% w/w) of polymeric additives, such as Ficoll (Tg 
= 132°C) or poly(vinylpyrrolidone) (PVP, Tg = 178°C), had no significant 
effect on Tg of co-lyophilized sucrose (Tg =74°C) and the Tg values of various 
mixtures generally were lower than the values predicted by the Gordon-Taylor 
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equation and the free volume theory. The reason is non-ideal mixing due to the 
hydrogen bonds formed between the components in the lyophilized mixtures. 
In another study, up to 10% w/w addition of polysaccharides (linear 
polysaccrides such as dextran and pullulan, branched polysaccharides such as 
gum arabic) did not have any significant effect on the change in glass 
transition temperature of the maximal cryoconcentrated phase (Tg’) of 58.5% 
w/w sucrose solution (41) and addition of corn syrup with various DE up to 
50% (w/w) did not have a significant effect on Tg of co-lyophilized mixtures 
with sucrose (42). In the study of Saleki-Gerhardt & Zografi (25), mixing of 
amorphous sucrose with different higher Tg amorphous additives, such as 
trehalose, raffinose, and lactose, showed similar trends at low amount addition 
of the additives (Figure 2-9). Kets et al  (43) discovered that hydrogen 
bonding due to non-deal mixing could result in the mixture having a Tg higher 
than that of both individual components. The addition of low molecular weight 
sodium citrate into the high molecular weight sucrose is expected to lower the 
glass transition temperature. However, in their study, the Tg of the mixture of 
citrate and sucrose (up to 105°C) was higher than the individual Tg of both 
pure citrate and sucrose. Using FT-IR, the rise of Tg of the mixture was found 
to be due to the strong hydrogen bonding between citrate’s carboxylate groups 









































Figure 2-9: Glass transition temperature (midpoint) for various proportions of 
colyophilized mixtures of sucrose and additives (trehalose, raffinose and 
lactose) (Data obtained from Saleki-Gerhardt and Zografi (25)) 
 
In food systems, water is the major component acting as a plasticizer with its 
theoretical glass transition temperature of -137°C (136K). The Tg value of a 
given hydrophilic substance is decreased with an increase in water content, 
following a non-linear function as described by the Gordon-Taylor equation. 
The plasticization effect of water on the glass transition of lyophilized sucrose 
is shown in Table 3.  
 
However, the effects of water on molecular mobility including plasticization 
are poorly understood mainly because molecular and structural analyses are 
scarce. Kilburn et al. (44) concluded that the plasticization effect of water in 
carbohydrates is via a complex mechanism involving both hydrogen bond 
formation and disruption, and changes in the matrix free volume. In the dry 
state, the hydrogen bonding between carbohydrate molecules lead to the 
formation of large molecular entities. When water is absorbed, it disrupts the 
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hydrogen bonds between the carbohydrate chains. Two effects of absorbed 
water on a glass were proposed. First, water tends to fill the smallest voids in 
the glassy matrix. Second, the absorbed water, due to its interference with the 
intermolecular hydrogen bonding of the carbohydrates, increases the degree of 
freedom of the carbohydrate chains leading to a “cold” relaxation of the chains 
and coalescence of the smallest voids under the driving force associated with 
the reduction of free surface area (i.e. the surface tension). 
 
Besides water, small molecules such as sugars have also been found to act as 
plasticizers in biopolymer systems, increasing the free volume (or the defect 
concentration) between the molecules, provided there is no phase separation 
(8). Branching in polysaccharides may work as internal plasticizers, inducing a 
small decrease in Tg when compared to linear chains (45). 
 
2.3.6. Influence of Glass Transition on Food Stability 
 
Food stability depends on the mobility on molecular basis, which determines 
physical and chemical changes and the resulted quality. In liquids, the 
translational or rotational diffusion of molecules are possible reactants in an 
alteration reaction. They can be predicted according to the Debye-Stokes-












r cπη=       
Equation 2-19 
where T is the absolute temperature, kB is the Boltzmann constant, η is the 
viscosity, r is the hydrodynamic radius of the diffusant, and c is the coupling 
factor between the molecules and the matrix. 
 
However, the DSE equations could not be used to describe the diffusion of a 
small solute dispersed in a polymer network, where the macroscopic viscosity 
(commonly measured) does not reflect the local diffusion condition, for 
example, in glass.  In the vicinity of Tg, the translational diffusivity may be 2-
5 orders of magnitude higher than predicted from the viscosity and the DSE 
equations, due to the facilitation by local motion of the matrix (5). The 
influence of Tg on the translational diffusivity or the diffusion of molecules 
has an important impact on the diffusion-controlled physical and chemical 
processes which limit the shelf-life of food products. Thus the stability of food 
products may be dependent on the position of storage temperature versus Tg 
(7). Peleg (46) proposed a S-shape relationship between stiffness or brittleness 
and moisture or temperature (Figure 2-10). In its idealized form it can be 








= ⋅ −⎛ ⎞+ ⎜ ⎟⎝ ⎠     
Equation 2-20 
where X is temperature, moisture, or water activity, Y(X) is the magnitude of 
the corresponding mechanical parameter, Ys is the value of Y(X) under the 
glassy state at a reference condition (X<<Xc) if it can be assumed constant, Xc 
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is a critical level of X signifying the inflection point of Y(X), and a is a 
constant that represents the steepness of the relationship around Xc. 
 
The concept of glassy/rubbery states was mainly used to interpret the stability 
of low moisture foods and biomaterials, which have been extensively 
discussed by Le Meste et al. (5), Champion et al.(8), (13) and others. 
Currently, the glass transition concept has been linked to micro-stability, 
chemical stability, and especially physical stability, such as structure, texture, 
collapse, caking, drying, extrusion, crystallization, and etc. Meanwhile, certain 
food processing and preservation methods, such as encapsulation and edible 




Figure 2-10: S-shape relationship between stiffness and moisture or 
temperature of for food stored near Tg (Modified from Peleg (46)) 
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2.4. Enthalpy Relaxation 
2.4.1. Concept of Enthalpy Relaxation 
 
The only thermodynamic equilibrium state below melting point is the 
crystalline state. Glass is in a non-equilibrium state. When a glass is stored 
below its glass transition temperature, it will spontaneously approach towards 
the more stable state, due to its non-equilibrium nature. This kind of change is 
called enthalpy relaxation or structural relaxation or physical aging.  Glass 
always recognizes the presence of a more stable glassy state and continuously 
evolves towards it in a manner predictable from its thermal history and the 
degree of non-equilibrium (6). 
 
According to thermodynamic theory, any system will spontaneously change 
until it attains the state of lowest free energy, described by Gibbs’ free energy 
G: 
G U P V S T= + × − ×      Equation 2-21 
Where U is the internal energy, P is the pressure, V is the volume, S is the 
entropy, and T is the temperature.  When a glass is stored at a constant 
temperature below its glass transition temperature, its pressure, volume, 
temperature and entropy do not change and therefore a low configuration 
energy state will be preferred to minimize Gibbs’ free energy. And such 
redistribution of atomic ensembles among configuration states in order to 
reach equilibrium is called structural relaxation (47). This structural relaxation 
is a kinetic process with its time scale (relaxation time τ) strongly depending 
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on temperature (aging temperature Ta), and it requires a thermal activation to 
pass a potential barrier (apparent activation energy Ea) according to Adam-
Gibbs theory (48). 
 
In a glass, the translational mobility and rotational mobility of large molecules 
are restricted. Only the local vibration and reorientation of small groups of 
atoms still exist (5). And those motions do not involve the surrounding atoms 
and molecules and are mainly local. In the glass transition temperature zone, 
molecular mobility is mainly presented as the primary α relaxation, which is 
the glass to liquid transition. Below the glass transition temperature, the 
secondary relaxations are observed, namely β and γ relaxations as temperature 
decreases. Different from α relaxation, β relaxation is caused by the motion of 
specific chemical groups such as the side groups branched on a polymer chain. 
In other words, β relaxation is the motion of short sequence of the molecules 
(“crankshaft motion”) in regions where density and intermolecular forces are 
at minimum. For example, β relaxation could occur as a result of the internal 
rotation of the main chain of a polymer toward reducing the configurational 
energy, according to the chemical structure and hydrogen bonding formation 
(46). The secondary relaxation is considered as a continuation of the primary 
relaxation (5). Simply speaking, α relaxation is general, cooperative, non-
Arrhenius, linked to viscous flow, and synonymous with the glass transition, 
but β relaxation is specific, local, Arrhenius, and of molecular origin (6). 
Similar to β relaxation, γ relaxation, which takes place at lower temperature 
than β relaxation, is also a localized and non-cooperative. But compared to β 
relaxation, γ relaxation is much weaker (11). 
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Several sub-Tg relaxations can be observed in biopolymers and low molecular 
weight sugars (β and γ relaxation). Their origin is still being discussed (5). As 
observed in polysaccharides (14), they could correspond to the rotation of 
lateral groups (γ relaxation at low temperature) or local conformation changes 
of the main chain (β relaxation close to Tg). The apparent activation energy 
ranges between 40-70 kJ.mol-1 for β relaxation in maltose and glucose (49) 
and between 5-19 kJ.mol-1 for γ relaxation in ethyl cellulose (14). When a 
glass is stored between Tβ (β relaxation temperature) and Tg, usually 20K to 
40K below Tg, a microstructure evolution may take place, which corresponds 
to the system approaching a metastable equilibrium, with some extra loss in its 
enthalpy and volume. 
 
Measurement of the enthalpy relaxation is commonly carried out with a glass 
in which all thermal treatment histories have been erased. This can be done by 
heating an amorphous solid to a temperature at least 40K greater than Tg (50), 
or melting a crystalline material then cooling it to the amorphous phase at a 
suitable cooling rate. However, during this process, thermal decomposition 
needs to be avoided. The sample then goes through aging if necessary. The 
enthalpy relaxation can be measured by reheating the sample. Figure 2-11 





Figure 2-11: Schematic diagram of the change in enthalpy of a glass with 
isothermal aging and without aging. 
 
In Figure 2-11, path ABCDE and path EDFCBA represent the cooling and 
reheating processes, respectively. Path DG represents an isothermal aging 
process and path HGJKBA represents the reheating process after the aging, 
during which an endothermic overshoot is observed in the glass transition 
region. This overshoot near Tg during reheating is due to a rapid recovery of 
the lost enthalpy or the extra entropy through the aging. And it could be used 
to measure the lost enthalpy during the aging process by DSC. In Figure 2-11, 
the sample is cooled at a cooling rate qc and heated at a heating rate qh. Hi and 
Ht are the enthalpies at the beginning of an aging and at time t of the aging, 
respectively. The equilibrium enthalpy at aging temperature Ta is assumed to 
be H∞ , which is represented as point N on the extrapolated equilibrium liquid 
curve at the aging temperature Ta. plC  is the specific heat of the equilibrium 
liquid and pgC  is that of the glass. The following equations could be derived:  
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i tH H HΔ = −       Equation 2-22 
  ( ) ( )H i pl pg g aH H C C T Tδ ∞= − = − × −   Equation 2-23 
 
In Figure 2-11, 2fT  and 3fT  are fictive temperatures of the unaged and aged 
samples, respectively.  Fictive temperature is a hypothetical temperature at 
which the structure of the glass would be in equilibrium (51). Fictive 
temperature is a function of the sample temperature. At a sample temperature 
well below the transition region, it is equivalent to the intersection point of the 
enthalpy curves for the glassy state and equilibrium liquid state (Figure 2-11) 
and named limiting fictive temperature (Tf). The limiting fictive temperature, 
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fT T
pl pg pt pg
T T
C C dT C C dT− = −∫ ∫
   
Equation 2-24 
where Cpl, Cpg and Cpt are the specific heat of the material at the liquid state, 
glass state, and transition region, respectively. T1 is a temperature well below 
the transition region and T2 is a temperature above the transition region. 
According to Montserrat (53), the fictive temperature could be estimated as 
( , )f a a g
p
HT T t T
C
Δ≈ − Δ      
Equation 2-25 
where Tg and ΔCp are from unaged sample, ΔH is the relaxed enthalpy through 
aging. 
 
The dependence of glass transition temperature determination on experimental 
conditions such as heating and cooling rates has been discussed in previous 
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section and it is well described in the literature. Recent research has found that 
the enthalpy recovery at Tg determined by DSC is also dependent on 
experimental conditions, including heating rate and the combination of heating 
and cooling rates (54). For the same sample aged at the same temperature for 
the same duration, the higher the heating rate, the larger the value of enthalpy 
recovery determined by DSC, and the difference between those brought by 
higher heating rate and lower heating rate increases with aging time. When 
samples with identical thermal history are heated, a lower heating rate would 
usually allow a sample to stay longer below its Tg during heating therefore 
relaxing more. If this is the case, higher heating rates should result in lower 
enthalpy recovery. In fact, experimental results suggest the opposite (54). 
With higher heating rate, the onset and endset of glass transition (Figure 2-7b) 
are all shifted to higher temperatures, and the width of the enthalpy recovery 
(distance between the onset and endset temperatures) is increased as well. The 
elevated onset Tg results in wider transition range for enthalpy recovery to 
reach the equilibrium rubber state at higher temperature (endset Tg). This 
results in more enthalpy recovery (54) and this effect is enlarged with 
increased aging time. Besides the heating rate, the ratio of cooling rate to 
heating rate also has an impact on the enthalpy recovery determination. In 
general, with an increase in the ratio of heating rate to cooling rate, there is an 
increase in the determined enthalpy recovery for the same sample and this 
effect is minimized with equal heating and cooling rates (54). In order to 
minimize the impact of experimental conditions on the enthalpy relaxation 
determination, we suggest that medium heating rate (10°C/min) and equal 
cooling rate be used for enthalpy relaxation studies. However, most 
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researchers prefer to use a higher cooling rate to create a glass (with higher Tg) 
from a rubber. In such situations, the experimental conditions must be kept the 
same during the whole study so that their impact is kept consistent. In this 
respect, the enthalpy relaxation studies done by various researchers using 
different experimental parameters may not be comparable to each other. This 
brings difficulties to analyze the current literature results, such as those in 
Table 2-3. This may also explain why the literature values from different 
researchers vary from one another. However, to our knowledge, so far Surana 
et al. (54) is the only study that addressed the effect of experimental 
conditions on the determined enthalpy recovery by DSC. It requires more 
researches to confirm the findings. 
 
Table 2-3: Kinetic data of enthalpy relaxation of selected food saccharides 
Sample Tg (°C ) 
Tg-Ta 





16 0.2-0.8 300 a - 
32 20000 a 77 
47  3000000 a  
(55) 
8.5 0.32 
13.5 0.32 68.5 
23.5 0.32 
- - (50) 
Sucrose 
78 17 - - 10.9 (26) 
41 11 0.41 2.27 7.02 (24) 
14.4 b 0.44 b 11.02 b 7.33 b 37.36 b 24.4 b 0.32 b 1350.65 b 13.33 b 
13.2 c 0.28 c 20.90 c 10.55 c 
Maltose 
33.16 c 13.2 c 0.21 c 4759.55 c 16.55 c 
(56) 
16 11 0.515 1.66 4.795 (51) 
7 8.78 0.48 14.27 6.6 (22) Fructose 
5 10 0.505 -  (23) 
38 9.89 0.56 3.35 7.14 (22) Glucose 37 10 0.643 -  (23) 
34 0.34 312000 - 





















70.7 45.7 0.401 316.8 1/764 (57) 
a Estimated from curves 
b Measured by Standard DSC 
c Measured by Modulated DSC 
d Dual glass transitions were detected due to heterogeneity of rice starch. 
 
In general, the enthalpy relaxation of amorphous materials is accompanied by 
changes in macroscopic properties, such as density, mechanical strength, and 
transport properties (53). In the field of synthetic polymers, the enthalpy 
relaxation is recognized as an important factor for changes in the physical 
properties of polymers, because the rate of the enthalpy relaxation is estimated 
as the molecular motion at temperatures below Tg (11).  
 
2.4.2. Kinetics of Enthalpy Relaxation 
2.4.2.1. Non-exponentiality 
 
The enthalpy relaxation is both non-exponential and non-linear (5). Several 
models involving the relaxation time τ can be used to describe the 
characteristics of the enthalpy relaxation. The enthalpy relaxation process 
cannot be described by a simple relaxation function, due to the microstructural 
heterogeneities of the materials that has been discussed in the previous section. 
However, it can be described by a so-called stretched exponential relaxation 
function, known as the Kohlrausch-Williams-Watts (KWW) expression:  
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( ) exp[ ( ) ]tt βτΦ = −      Equation 2-26 
where Φ(t) is the property of concern, which is a function of time t. For 
example, in the enthalpy relaxation study using DSC, Φ(t) is the portion of 
unreleased enthalpy using the metastable equilibrium state at the aging 





      
Equation 2-27 
τ is the mean molecular relaxation time, and β is a constant characterizing the 
width of relaxation time distribution spectrum (0≤β≤1); β = 1 corresponds to a 
single relaxation time with exponential behavior. The smaller the value of β, 
the more the distribution of molecular motion deviates from a single 
exponential behavior. In other words, if β is significantly different from 1, it 
indicates a distribution of relaxation time rather than a single relaxation time. 
The parameter β has been shown to correspond to the strength/fragility of a 
material above Tg. It is close to 1 for strong liquids (nearly exponential 
relaxation)(5). For fragile liquids, β changes from near 1 at high temperatures 
to a value close to 0.3-0.5 near Tg (5). But no similar relationship has yet been 
established below Tg (3). It was reported that small molecules had higher β 
values than polymers. For example, the β values for starch (0.23-0.34) in Kim 
et al. (9) were smaller than the β values calculated for sucrose (0.4-0.8) (55). 
In other studies (23, 50), the β values for sucrose, glucose and fructose are 





The characteristic relaxation value τ changes with time, as it depends on both 
temperature and the average structural state of the glass that depends on its 
previous thermal history. This non-linear character of the enthalpy relaxation 





x h x h
R T R T
τ τ ⋅Δ − ⋅Δ= +⋅ ⋅    
Equation 2-28 
where τ0 is the relaxation time in equilibrium at an infinitely high temperature, 
hΔ  is the apparent activation energy (a constant ) in the equilibrium state 
above Tg, and R is the ideal gas constant. The fictive temperature fT , for a 
material being at the actual temperature T, is considered to represent its 
structural state. Ta is the aging temperature. The parameter x (0≤x≤1) defines 
the relative contributions of temperature and structure to τ. If x is close to 1, τ 
mainly depends on the aging temperature. The parameters τ, β and x can be 
estimated from enthalpy relaxation experiments using DSC after varying the 
annealing times (58). In the literature, addition of fructose to glucose-fructose 
system increases the x value and increases the linearity of relaxation (23).   
 
The strong/fragile classification can also be used to describe the temperature 
dependence of the relaxation properties in the equilibrium state. Fragility 
indicates how fast the structural relaxation accelerates as a glass approaches 
and traverses the glass transition region (6). Fragile liquids have strong 
temperature dependence of viscosity and molecular mobility, thus they exhibit 
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larger changes of relaxation time in the vicinity of the glass transition than 
strong liquids. The glass transition temperature Tg has also be been related 
with the structural relaxation. For example, addition of some additives, such as 
anti-plasticizers or additives with higher Tg, can reduce the molecular mobility 
and increase Tg. The rate of the enthalpy relaxation is decreased, as expected, 
upon adding a substance with higher Tg, for instance, dextran in sucrose (35). 
In contrast, increasing the weight fraction of fructose in glucose-fructose 
mixtures also results in a decrease of the aging rate, although Tg is depressed 
(23). 
 
Currently, little information has been reported on the kinetic data of the 
enthalpy relaxation process of food saccharides (Table 4), which may be a 
useful tool for predicting the changes in physical properties during storage. 
According to Kim et al.(9), the value of τ for starch increased with decreasing 
aging temperature, in the same manner as that for sucrose, indicating that the 
aging process is slower at lower Ta. This is because the motion of relaxed 
molecules or segments of polymers becomes more restricted with increasing 
distance from Tg. Compared to the data for sucrose, the τ value of starch was 
slightly larger, which suggests that the starch is more stable than sucrose at the 
same temperature range. This may be due to its high molecular weight and 
structure complexity such as branching. Entanglement effect of polymers may 
also contribute to the slower aging process. The apparent Arrhenius activation 
energy (Ea) of gelatinized potato starch by using τ values is 284 kJ/mole (9). 
For sucrose, Hancock et al (55) reported Ea = 360kJ/mole. 
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2.4.3. Influence of Enthalpy Relaxation on Food Stability 
 
When considering the variability of physical properties, the concept of 
enthalpy relaxation is also important. The enthalpy relaxation or the secondary 
relaxations below the glass transition temperature is considered as the 
continuation of the primary relaxation or glass transition. Enthalpy relaxation 
results from the local molecular motions of certain molecules or certain parts 
of polymer molecules, although its exact origins in complex food systems are 
hard to define. All food qualities, either chemical or physical, are related to the 
molecular mobility. Therefore, the enthalpy relaxation needs to be taken into 
consideration when quality is of a concern for foods stored below its glass 
transition temperature, which are common for food storage.  
 
In the past few years, enthalpy relaxation has been discovered to be related to 
many changes in physical or chemical properties in the area of polymer, 
pharmaceutical and food sciences through various studies. For example, 
during sub-Tg storage, relaxation enthalpy was found to be linearly related to 
volume decrease in 6 synthetic polymers or polymer blends (59). Similar 
results were found during structural relaxation of an amorphous maltose and a 
starch-sorbitol mixture (60). Volume change during relaxation may reflect the 
change of free volume in the materials and it may link to other related 
properties such as transport properties. For example, during sub-Tg relaxation, 
a clear decrease in gas permeability coefficient of poly(methyl methacrylate) 
membrane (61) and a reduction in water vapor permeability of a starch film (9) 
were found. Another transport property electrical conductivity was also found 
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to decrease during physical aging of amorphous maltose and starch-sorbitol 
mixture (60). Furthermore, enthalpy relaxation in amorphous trehalose was 
found to decrease the rate and extent of water vapor sorption under low 
relative humidity conditions (62). 
 
Nucleation was also found to happen during physical aging of amorphous 
materials, such as amorphous indomethacin (63) and amorphous trehalose (62). 
Even though the crystallization caused by the nucleation during storage is 
probabilistic, this nucleation during relaxation could reduce the onset 
temperature of crystallization during heating (such as temperature fluctuation 
during storage) and increase the possibility of crystallization during storage. 
Due to that an amorphous pharmaceutical has a much higher solubility and 
hence enhance bioavailability than its crystalline form (64), study of sub-Tg 
relaxation kinetics is critical in ensuring physical stability, especially that of 
amorphous pharmaceuticals. 
 
Besides the above changes, texture changes were also found during physical 
aging, such as increase of micro-hardness of bulk metallic glasses (10) and 
increase of hardness of amorphous maltose and starch-sorbitol mixture (60). 
Furthermore, the relaxation below Tg was found to be coupled with chemical 
reactivity such as dimer formation in pharmaceutical systems (65). Despite the 
current understanding about structural relaxation kinetics, the corresponding 
molecular origins, and its exact relationship to chemical and physical property 
changes are quite limited due to the complexity of structural relaxation, its 
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importance in ensuring quality during sub-Tg storage for amorphous foods and 
pharmaceuticals has been highlighted by a number of studies (6, 63, 65, 66) 
 
Although currently very few studies reported on the relationship between the 
enthalpy relaxation and food quality, the enthalpy relaxation is believed to be 





Through processing, many foods exist in the amorphous state whose stability 
is related to two important state transitions, glass transition and enthalpy 
relaxation. The glass transition temperature has been shown to be an effective 
indicator of food storage stability. However, there is evidence that localized 
molecular mobility continues even below the glass transition temperature, 
which results in the enthalpy relaxation of amorphous foods. Due to limited 
information on the enthalpy relaxation kinetics of food materials, its 
relationship to food stability is largely unexplored. The review in this chapter 
has emphasized the importance of the enthalpy relaxation to food stability 
during storage. It is easy to understand that generally food should be stored at 
a temperature far enough below its glass transition temperature, where the 
enthalpy relaxation is largely retarded. However, for the industry to be able to 
optimize food processing and storage, in-depth scientific knowledge on the 
enthalpy relaxation is much needed.  
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3. EFFECT OF GSS ADDITION ON GLASS 
TRANSITION AND ENTHALPY RELAXATION 
OF AMORPHOUS SUCROSE BASED MIXTURES 
3.1. Introduction 
 
Sucrose is a common and widely used ingredient in the food industry. It is 
added into foods for various purposes. Through processing, sucrose exists in 
amorphous state in both rapidly dried and frozen foods. Glucose syrup, such as 
corn syrup and tapioca syrup, is usually added to control the crystallization of 
amorphous sucrose, particularly in confectionery production. And it usually 
exists also in amorphous state. Therefore, the knowledge of glass transition 
and enthalpy relaxation of sucrose-starch syrup system is important to ensure 
the quality of food (such as hard candy) containing these two ingredients 
during storage. This paper investigates those phenomena of the sucrose-
tapioca starch syrup system using DSC.  
 
3.2. Materials and Methods 
3.2.1. Sample Preparation 
 
Glucose syrup, with its specification given in Table 3-1, from Capital Glucose 
Ltd. (Nakorn Pathorm, Thailand) was freeze-dried to glucose syrup solid 
(GSS). The liquid syrup was frozen at -20°C for more than 4 hours for 
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complete freezing and then dried under vacuum for more than 48 hours using 
a freeze dryer (VirTis BenchTop, New York, USA). The dried syrup cake was 
ground to fine particles using mortar and pestle. Fine particles were 
subsequently dried in a vacuum oven (ShelLab, Oregon, USA) under pressure 
less than 50 mmHg (6.7 kPa) at 60°C for 24 hours before they were ground 
again to fine powder using mortar and pestle. After grinding, fine powder was 
placed back into the vacuum oven (<50 mmHg, 60°C) for more than 4 hours. 
Dry GSS fine powder was stored in a desiccator above P2O5 desiccant (Merck, 
Darmstadt, Germany) until use. 
 
Table 3-1: Specification of glucose syrup 
Dextrose Equivalent 39 - 42 
pH (50%) 4.5 to 6.0 
Brix 82.0 - 84.0 
Solid Content 81.0 - 83.0 
Sulphated ash 0.4% max 
SO2 250ppm max 
Carbohydrate Composition 
Glucose (%) 1.0 - 4.0 
Maltose (%) 28.0 - 40.0 
Maltotriose (%) 25.0 - 35.0 
Other Polysaccharides 25.0 - 35.0 
 
Analytical grade crystalline sucrose (Merck, Darmstadt, Germany) and GSS 
powder were dried in vacuum oven (<50 mmHg, 60°C) for 4 hours before 
they were used for preparation of their mixtures. Three weight ratios of dry 
sucrose to GSS, 75/25, 50/50, and 25/75 (denoted as S75G25, S50G50, and 
S25G75, respectively) were weighed and dissolved in distilled water (solid to 
water ratio 1:9). The solutions were subjected to the same preparation 
procedure as GSS and turned to dry S75G25, S50G50, and S25G75 powder. 
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They were stored in the desiccator above P2O5 desiccant (Merck, Darmstadt, 
Germany) until being used. 
 
Sucrose, S75G25, S50G50, S25G75 and GSS were dried in vacuum oven (<50 
mmHg, 60°C) for more than 8 hours before they were weighed for DSC 
experiments. The moisture contents of dry samples were analyzed using an IR 
moisture analyzer (Shimadzu MOC-120H, Kyoto, Japan) and found to be less 
than 1.5%.  
 
3.2.2. Thermal Analysis 
 
A differential scanning calorimeter (Mettler-Toledo DSC822e, Switzerland) 
equipped with liquid nitrogen cooling accessories was used. The DSC was 
calibrated using indium and zinc. In order to avoid condensation of water, dry 
nitrogen gas was used to purge the surroundings of the furnace and the furnace 
chamber at 200 ml/min and 80 ml/min, respectively. 4-9 mg dry sample was 
weighed into 40 μl aluminum standard crucible (Mettler-Toledo, Switzerland) 
and hermetically sealed with aluminum standard lid (Mettler-Toledo, 
Switzerland). Glass transition and enthalpy relaxation were analyzed using 
STARe software (Version 8.01, Mettler-Toledo, Switzerland). In all 
experiments, three replicates were analyzed.  
 
The temperature profile of the DSC experiments is illustrated in Figure 3-1. 
For all samples, they were initially melted in a DSC pan by heating from 
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ambient temperature (T1=25°C) to T0=200°C at 20°C/min. The thermal 




Figure 3-1: DSC temperature profile to create a glass, determine Tg of the 
created glass, and measure the enthalpy relaxation of the glass at aging 
temperature Ta for aging time ta. 
 
3.2.2.1. Unaged Experiments 
 
The molten sample was cooled at a cooling rate of -20°C/min to a temperature 
that was about 60°C below its Tg midpoint (Tgm) in order to form an 
amorphous glass. The sample was then reheated at 10°C/min to a temperature 
about 40°C above its Tgm. Through the unaged experiments, the glass 
transition temperatures (Tg onset, midpoint, endpoint), and ΔCp (specific heat 
change at glass transition zone) were determined for unaged sugar glass. 
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3.2.2.2. Aging Experiments 
 
The molten sample was cooled at a cooling rate of -20°C/min to an aging 
temperature (Ta) and aged at Ta for ta (aging time). Three aging temperatures 
selected for each sample were 10°C, 15°C, and 20°C below its Tgm. The aging 
time varied from 2.5 minutes to 100 hours. After aging, the sample was cooled 
at -20°C/min to a temperature about 60°C below its Tgm and then reheated to a 
temperature about 40°C above its Tgm. Through the reheating process, the 
overshoot area in the thermogram presented the lost enthalpy during aging or 
relaxation (Figure 2-7-b). The relaxation enthalpy was determined and 
normalized by subtracting the overshoot value of the corresponding unaged 
sample.  
 
3.3. Results and Discussion 
3.3.1. Glass Transition 
 
For the samples in this study, experimental values of the glass transition 
temperatures and specific heat change through the glass transition zone are 
listed in Table 3-2. The glass transition temperature of sucrose was 69.70°C 
(Tgm), which agreed well with the literature values of Tg midpoint of 70°C 
from Orford, Parker, & Ring (21), and 72.2°C from Vanhal and Blond (67) at 
a scanning rate of 10°C/min. In literature, the reported sucrose Tg varies from 
50°C to 70°C (50), due to the various amorphous sucrose creation methods, 
residual moisture and different DSC experimental conditions, as described in 
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Chapter 2. There has been no report on glucose syrup hydrolyzed from tapioca 
starch with respect to glass transition. Therefore, the glass transition 
temperature of GSS has no reference value in literature. Each mixture of 
sucrose and GSS showed a single glass transition temperature, which means 
that sucrose and GSS were miscible in the mixture. With respect to Tg, GSS 
should act as anti-plasticizer when it was mixed with sucrose. However, from 
the Tg values of S75G25 and S50G50, the anti-plasticizer effect of GSS on 
sucrose was not significant. Similar phenomena were also found by Saleki-
Gerhardt & Zografi (25), Shamblin, Huang & Zografi (40), and Shamblin & 
Zografi (26). In their studies, addition of anti-plasticizers, such as lactose (Tg 
=108°C), trehalose (Tg =115°C), raffinose (Tg =102°C), poly(vinylpyrrolidone) 
(PVP) (Tg=185°C), PVP K90 (Tg=178°C) and Ficoll 400 (Tg=132°C), up to 
50% (w/w), did not show significant effect on the Tg values of sucrose-
additive mixtures, compared to the Tg value of pure sucrose. 
 
Table 3-2: Experimental glass transition temperatures and specific heat 
change values through glass transition zone of sucrose, S75G25, S50G50, 
S25G75 and GSS. 







( 1 1J g K− −⋅ ⋅ ) 
Sucrose 67.19 ± 0.49 69.70 ± 0.34 72.73 ± 0.17 0.648 ± 0.010 
S75G25 52.98 ± 1.75 57.96 ± 1.64 63.60 ± 1.27 0.654 ± 0.011 
S50G50 61.94 ± 1.08 68.28 ± 0.89 74.30 ± 1.00 0.600 ± 0.014 
S25G75 71.52 ± 1.42 78.13 ± 1.14 84.27 ± 0.94 0.528 ± 0.022 
GSS 73.36 ± 2.24 81.28 ± 2.16 88.18 ± 2.03 0.505 ± 0.140 
* The values reported are mean value ± standard derivation. 
 
If the glass transition temperature (Tgm) and ΔCp of sucrose and GSS are used 
as reference values, according to Coucheman-Karasz Equation (Equation 2-
17), the glass transition temperatures of various binary mixtures containing 
 58 
different ratios of sucrose and GSS can be predicated. The predicted and 
experimental values are compared in Figure 3-2. Except Tg of S25G75 that 
matched the predicted value, the Tg values of S50G50 and S75G25 were lower 
than the predicted values, which indicates the mixing was not ideal. This is 
similar to the mixing behavior of co-lyophilized binary mixture of sucrose and 
another additive component (trehalose, poly(vinylpyrrolidone), or dextran), 
where the Tg values of various mixtures were generally lower than the values 
predicted from free volume theories (Gordon-Taylor Equation) and 
thermodynamic models (Coucheman-Karasz Equation) (35). The deviations 
were either attributed in part to a nonuniform distribution of the free volume 
between the two components or resulted from molecular interactions formed 
between the two components, as suggested by Shamblin et al. (35). In their 
further study of co-lyophilized sucrose-additive mixtures, FT-Raman spectra 
provided evidence for the interaction between the components through 
hydrogen bonding, which were formed at the expense of hydrogen bonding 
within sucrose and in some cases within the additive. They did a 
thermodynamic analysis and found that mixing was endothermic and resulted 
in positive excess entropy, which was consistent with a net loss in the degree 
of hydrogen bonding. In our sucrose-GSS mixtures, the situation may be more 
complex as GSS is not a simple chemical and it contains a large range of 
saccharides. Due to the similar nature of the saccharides (from GSS and 
sucrose) which all contain hydroxyl groups, hydrogen bonding may easily 
form during mixing between the components, and similarly at the expense of 
hydrogen bonding within the individual component. However, without 
thermodynamic analysis and experimental evidence, it could not tell whether 
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the mixing between sucrose and GSS resulted in excess entropy and net loss of 
hydrogen bonding or not. In the sucrose-GSS mixtures, there was a special 
case that Tg of S75G25 was lower than the Tg values of both sucrose and GSS. 
In Kets et al (43)’s report, addition of sodium citrate to sucrose at a mass ratio 
0.3 caused the mixture’s Tg higher than the Tg values of both, which were 
explained as the efficiently formed hydrogen bonding developed a firm glassy 
structure. In our case, S75G25 had an especially low Tg, which might be due 
to a big net loss of hydrogen bonding that resulted in a loose glassy structure. 
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Figure 3-2: Comparison between experimental and predicted glass transition 
temperatures (midpoint) of sucrose-GSS mixtures. The prediction was based 
on Coucheman-Karasz Equation using the experimental values (Tg midpoint 
and ΔCp) of sucrose and GSS. 
 
3.3.2. Enthalpy Relaxation 
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Experimental data of the relaxation enthalpy of all samples at different aging 
temperature and aging time are shown in Figure 3-3. From Figure 3-3, it can 
be seen that with increased portion of GSS in the mixture, the enthalpy 
relaxation process was generally suppressed, in terms of the absolute values of 
relaxation enthalpy. And the process of enthalpy relaxation was non-linear. 
With further investigation by changing the x-axis or y-axis to logarithmic 
scale, it was found the enthalpy relaxation was non-exponential. 
 
If the relaxation enthalpy of each sample is normalized as HH δΔ  ( Hδ  values 
are listed in Table 3-3) and plotted against aging time (the graphs are not 
shown here), it was found that relaxation speed of each sample was decreased 
with decreasing aging temperature, which agrees with the change of molecular 
mobility against temperature. While evaluating the values of Hδ  in Table 3-3, 
it is found that there was more relaxation space (higher maximum relaxation 
enthalpy) at lower aging temperature (or further distance below its 
corresponding Tg). However, there is no clear relationship between Hδ  and the 
sample composition. 
 
By rewriting the KWW expression (Equation 2-25) to a linearised form of 
double longarithm of Φ(t):  
ln[ ln ( )] ln lnt tβ β τ− Φ = ⋅ − ⋅    Equation 3-1 
 and using the graphical linear least-square regression methods, it is possible 
to obtain the values of β and τ for each sample, based on the DSC 
experimental data of Tg, Ta, ta, ΔH,  and ΔCp. Using this method, the β and τ 
values of each sample at different aging temperatures were determined and are 
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listed in Table 3-3.  The β values of sucrose at different Ta are from 0.60 to 
0.66, which agrees with the β values of sucrose 0.4-0.8 in the study by 
Hancock et al. (55). But in other studies such as Urbani et al. (50) and 
Christensen, Pedersen, & Kristensen (68), the β values of amorphous sucrose 
were 0.33 or between 0.22 and 0.29. In the study by Urbani et al. (50), the β 
values for amorphous sucrose at different aging temperature were set to be 
constant and taken as the average value in a range of Ta considered. But they 
also agreed that it did not mean β was independent of aging temperature. In 
fact, in other studies such as Christensen et al. (68) and Hancock, Shamblin, & 
Zografi, (55), like in this study, β value varied at different aging temperature, 
even for a pure and simple glass, such as the amorphous sucrose. β value 
defines the width of relaxation time distribution spectrum. The smaller the 
value of β, the more the distribution of molecular motion deviates from a 
single exponential behavior. And smaller molecules generally have higher β 
values than polymers. Compared to GSS, sucrose has higher β values, 
probably due to the fact that GSS is complex in chemical composition 
therefore has complex relaxation behaviors derived from that of each molecule 
in the mixture pool of GSS.  When GSS was mixed with sucrose, this 
complexity did not change therefore the β values first increased then decreased 
with the increased portion of GSS. Without detailed information on the 
chemical composition of GSS and those mixtures, it is hard to draw 
conclusions on this issue. 
 
Besides the mean molecular relaxation time τ, ( ) 50%tτΦ =  has been introduced to 
help to understand the relaxation process. ( ) 50%tτΦ =  is defined as the time 
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required for half completion (50%) of the possible maximum enthalpy 
relaxation at a single relaxation temperature, which is the value of relaxation 
time τ in KWW equation when Φ(t) = 0.50. The calculated ( ) 50%tτΦ =  values are 
listed in Table 3-3. With comparison of ( ) 50%tτΦ =  values of each glass at each 
aging temperature, it was found that with decreased aging temperature, the 
( ) 50%tτΦ =  values of each glass increased dramatically, which means that the 
aging process dramatically slowed down at lower aging temperature. This is 
because the molecular motions of relaxed elements are restricted with 
increasing distance from Tg. Enthalpy relaxation of glasses is accompanied by 
changes in macroscopic properties, such as density, mechanical strength, and 
transport properties (9). For example, in the study by Kim et al. (9), changes in 
water vapor permeability of glassy starch film could be observed when stored 
below its Tg, as enthalpy relaxation proceeded at the storage temperature. 
Enthalpy relaxation studies were suggested to have practical use in the 
prediction of pharmaceutical product stability (55). Therefore knowledge of 
the relationship between enthalpy relaxation and aging temperature obtained 
in the current study may help us to prevent undesired changes during storage 
of amorphous foods containing amorphous sucrose and GSS, such as hard 
candy. From the values of ( ) 50%tτΦ =  of each glass at different aging temperature, 
it is easy to conclude that the lower the storage temperature that below its 
glass transition temperature, the bigger the prevention effect of undesired 
changes. In the case of pharmaceutical product, it is necessary to store the 
product at least 50°C below its glass transition temperature so that the 
molecular motions detected by DSC (enthalpy relaxation) are insignificant 
over its normal lifetime (Hancock et al., 1995), and at that temperature the 
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relaxation time τ goes to infinity and “zero” mobility in the product is 
achieved (6). Comparing the ( ) 50%tτΦ = values of all sample glasses, the addition 
of GSS into sucrose delayed the relaxation at each aging temperature, as 
addition of GSS inhibited the molecular motions of relaxed elements and 
increased the chemical composition complexity. Generally, the more GSS 
added, the more the molecule motions and relaxation process of sucrose are 
slowed. This means that in practice GSS can be used to replace sucrose in 











Figure 3-3: Relaxation enthalpy of sucrose, S75G25, S50G50, S25G75 and GSS at aging temperature (a) Tgm-10°C, (b) Tgm-
15°C, (c) Tgm-20°C at various aging time.  
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Table 3-3: β, τ, Hδ , ( ) 50%tτΦ = , ( ) 50%ttΦ = , ( ) 1%tτΦ = values calculated by using experimental data 
Sample Tgm - Ta (K) β τ (h) Hδ  (J*g-1) ( ) 50%tτΦ =  (h)* ( ) 1%tτΦ =  (days)a ( ) 50%ttΦ =  (h)b 
10 0.60 3.59 6.48 1.96 1.9 1.71 
15 0.66 12.00 9.73 6.88 5.1 7.80 Sucrose 
20 0.62 78.08 12.97 43.28 38.0 61.35 
10 0.62 11.45 6.54 6.31 5.7 12.13 
15 0.71 32.64 9.81 19.50 11.6 91.87 S75G25 
20 0.70 173.48 13.08 102.94 63.6 719.22 
10 0.46 19.84 6.00 8.94 22.9 11.05 
15 0.55 50.69 9.00 26.08 33.7 60.99 S50G50 
20 0.53 247.19 12.00 123.42 186.1 251.88 
10 0.30 83.10 5.28 24.87 527.9 37.22 
15 0.34 141.91 7.93 48.15 534.2 55.31 S25G75 
20 0.36 255.48 10.57 92.38 737.8 97.40 
10 0.41 47.80 5.05 19.75 79.2 31.10 
15 0.45 107.61 7.58 47.23 138.6 134.71 GSS 
20 0.52 197.68 10.11 97.25 158.3 182.91 
a calculated based on KWW expression by using β and τ values in this table. 
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Figure 3-4: Proportion of glass that has relaxed with aging time plotted on a 
logarithmic scale. The straight lines through the symbols represent linear fits 
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to the data using least square regressions. The values of ( ) 50%ttΦ =  and 
( ) 1%ttΦ = obtained from these fits are listed in Table 3-3 
 
Similarly, ( ) 1%tτΦ =  is introduced as the time required for 99% of the maximum 
relaxation at that aging temperature, and is the value of τ in KWW equation 
when Φ(t) = 0.01. the values of ( ) 1%tτΦ =  could help us to understand the time 
required for an almost complete relaxation at that aging temperature. The 
( ) 1%tτΦ =  values are listed in Table 3-3. It is interesting to note that by 
decreasing the aging temperature by 10°C, the 99% relaxation time could vary 
from days to months. This indicates the importance of storage temperature on 
the shelf life of food products. And it is also interesting to find that by adding 
75% GSS w/w into sucrose it is able to increase the 99% relaxation time from 
days and months to years. This may be very important for the application of 
glucose syrup in the confection industry where the glucose syrup is generally 
used to replace sucrose.  
 
Although KWW equation is well-accepted to describe the enthalpy relaxation 
of amorphous materials, Shamblin and Zografi (26) argued that a simple 
expression like KWW equation could not accurately describe the relaxation of 
a multi-component system as there was more complex distribution of 
relaxation times. They introduced a graphic method to interpret the enthalpy 
relaxation data by plotting the proportion of glass that had relaxed (i.e., the 
value of Φ(t)) against the aging time on a logarithmic scale. Data obtained in 
this study are plotted in Figure 3-4. From the R2 values of each straight line, it 
seems that all the straight lines can be well accepted as linear fits to the data. 
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From Figure 3-4, ( ) 50%ttΦ = values for Φ(t) = 0.5 were obtained and are listed in 
Table 3-3. Comparing the values of ( ) 50%tτΦ =  from KWW expression and 
( ) 50%ttΦ = from the graphic method, the values are different at the same aging 
temperature for every sample, with some of them are comparable while some 
are totally different. However the general trends of ( ) 50%tτΦ = values as discussed 
in the above are also obeyed by the values of ( ) 50%ttΦ = . The 99% relaxation 
time ( ) 1%ttΦ = was also calculated from Figure 3-4, but not listed here. Generally, 
( ) 1%ttΦ =  agreed with ( ) 1%tτΦ =  for sucrose only, but not for other sample glasses. 
This may be due to that all experimental data had less than 50% relaxation in 
general therefore were not adequate to be extrapolated to a point which is far 
away from the experimental range.  
 
The value of T0 in VTF equation is believed to correspond to the theoretical 
Kauzmann temperature Tk and τ0 can be related to relaxation time constant. 
The Kauzmann temperature Tk is the critical temperature to mark the lower 
limit of the experimental glass transtion and at Tk the configurational entropy 
of the system reaches zero (3). However, in most enthalpy relaxation studies, 
T0 in VTF equation is assumed to 0 and the temperature dependence of τ is 





τ τ= ⋅ ⋅      
Equation 3-2 
where R is the ideal gas constant, Ea is the apparent activation energy. 







τ τ= + ⋅
     
Equation 3-3 
Equation (14) was verified with data obtained from Kim et al. (9) and 
Hancock et al. (55) as shown in Figure 3-5, and the Ea values were 284 
kJ/mole and 250 kJ/mole for potato starch and sucrose, respectively. The Ea 
value of potato starch (284 kJ/mole) given by Kim et al. (9) was the same as 
what we obtained (284 kJ/mole), and the Ea value of sucrose (360 kJ/mole) 
given by Hancock et al. (55) were comparable to our value (250 kJ/mole) 
considering the effect of data estimation from the figure. It is worth to point 
out that there was no mention of the calculation method for Ea in Kim et al. (9) 
and Hancock et al. (55). The Ea values of sucrose, S75G25, S50G50, S25G75, 
and GSS in this study were 275, 226, 224, 106, and 136 kJ/mole, respectively. 
In Figure 3-5, lnτ values show a good linear relationship with 1/Ta for all the 
sample glasses in this study and selected glasses in literature. The assumption 
of Arrhenius behavior of τ within the experimental temperature range in this 
study and literature could therefore be accepted. However, it must be pointed 
out that T0 is not equal to 0 for those glasses and in fact T0 is approximately 50 
K below Tg (6, 32). However, from the above discussion, the effect of T0 in 
VTF equation could be ignored when considering the temperature dependence 
of τ in the experimental aging temperature range for all of the glasses in Figure 
3-5. 
 
The dependence of relaxation process on aging temperature was called the 
“susceptibility” by Kim et al. (9). Since the Ea values for sucrose, starch, 
S75G25, S70G50 do not differ greatly, their susceptibilities to relaxation are 
similar to each other over the temperature range in Figure 3-5. We also 
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evaluated the data from Bhandari and Hartel (69) for a candy formulation with 
30% corn syrup and 70% sucrose (S70CS30) in the same way. The 
corresponding Ea value of S70CS30 was 233 kJ/mole, which was remarkably 
close to the Ea values of S75G25 (226 kJ/mole) and S50G50 (224 kJ/mole) in 
this study. It confirmed that addition of GSS up to 50% did not significantly 























Figure 3-5: Plot of ln(τ) as vs. 1/Ta. The calculated Ea values from this figure 
are 275, 226, 224, 106, 136, 284, 250, and 233 kJ/mole for sucrose, S75G25, 
S50G50, S25G75, GSS, potato starch*, sucrose**, and S70CS30***, 
respectively. (*Data were obtained from Kim et al. (9), for gelatinized potato 
starch with 16% moisture. **Data were estimated from a figure in Hancock et 
al. (55), for sucrose. ***Data were obtained from Bhandari & Hartel (69), for 
a candy formulation with 30% corn syrup and 70% sucrose. The τ values at 





Amorphous starch syrup solid (GSS) with higher glass transition temperature 
played the role of anti-plasticizer in the amorphous mixture system containing 
sucrose and GSS. However, addition of GSS up to 50% w/w in this study did 
not increase the mixture’s glass transition temperature significantly compared 
to the sucrose’s glass transition temperature. This indicated that the ideal 
mixing was not achieved. Addition of GSS into sucrose increased the mean 
relaxation time τ dramatically at all aging temperatures through decreasing the 
molecular mobility significantly. Generally, the more the GSS added, the 
longer the mean relaxation time of the mixture, at the aging temperatures that 
have the same distance below their corresponding glass transition 
temperatures. Through the comparison of apparent activation energy of the 
mean relaxation time for all samples, addition of GSS into sucrose up to 50% 
did not change the susceptibility significantly. Addition of GSS into sucrose 
increased the relaxation time distribution spectrum (i.e. decreased the β value) 
through increasing the complexity of molecular weight distribution in the 











4. EFFECT OF WATER ADDITION ON GLASS 
TRANSITION AND ENTHALPY RELAXATION 
OF SUCROSE-GSS MIXTURES 
4.1. Introduction 
 
Compared to crystalline food solids, amorphous food solids are generally 
hydroscopic and they easily absorb moisture from the environment. Water is 
considered as a universal plasticizer in food system and lowers the glass 
transition temperature. Generally, the glass transition temperature Tg of a 
given hydrophilic substance is decreased with an increase of water content, 
and its relationship could be described by Gordon-Taylor equation. In a wide 
range of amorphous and partially amorphous solids, Hancock and Zografi (70) 
found rapid initial reduction in the glass transition temperature from dry state 
when water was absorbed, followed by a gradual leveling off in the response 
at higher water contents.  
 
In contrast to the relatively straightforward plasticization effect of water on 
thermodynamic glass transition temperature, the effect of water on mechanical 
properties such as viscosity and elastic modulus is complicated. In theory, the 
addition of a plasticizer to a polymer should increase free volume and 
segmental mobility which results in a reduction in glass transition temperature. 
Meanwhile, the viscosity and elastic modulus should be decreased due to 
broken or weakened inter-polymer bonds (71). However, opposite effect of 
plasticizer incorporation have been reported in many cases of polymer system, 
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and anti-plasticization of water in low moisture foods were reviewed by Seow 
et al and Pittia & Sacchetti (71, 72). The anti-plasticization effect was 
generally described as that the polymer-plasticizer system became harder and 
less flexible than the polymer alone (71) even though a reduction in Tg was 
found. Such anti-plasticization effect of water was found within a 
concentration range below a “plasticization threshold” (71). Several 
mechanisms have been proposed regarding anti-plasticization in polymer 
science as summarized by Seow et al (71). When a plasticizer is added, a 
change in free volume happens together with a polymer-plasticizer interaction. 
The polymer-plasticizer interaction may create steric hindrance and a decrease 
in segmental molecular mobility and therefore stiffening action due to the 
presence of plasticizer bridges adjacent to polar groups of the polymer. Similar 
mechanisms could be proposed for the anti-plasticization effect of water on 
mechanical properties of amorphous foods (71, 72). 
 
In contrast to the well-studied plasticization of water on glass transition, the 
effect of addition of water on enthalpy relaxation of amorphous food solids 
has not been explored in the literature according to our knowledge. In the 
previous chapter, mixtures of amorphous sucrose and amorphous tapioca 
glucose syrup solids (GSS) were used as a binary food model system to 
understand its glass transition and enthalpy relaxation behavior by using 
Couchman-Karasz equation and KWW model. This chapter investigates the 
influence of water on the glass transition and enthalpy relaxation of the binary 
sucrose-GSS food model system. 
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4.2. Materials and Methods 
4.2.1. Sample Preparation 
 
Glucose syrup solids (GSS) were prepared from hydrolyzed tapioca syrup 
(Capital Glucose Ltd., Nakorn Pathorm, Thailand) using a freeze-drying 
method. Specification of the tapioca syrup and details of the drying method 
can be found in Chapter 3.  
 
Analytical grade crystalline sucrose (Merck, Darmstadt, Germany) and GSS 
powder were dried in a vacuum oven (<50mmHg, 60ºC) for 4h before they 
were used for preparation of their amorphous mixtures. Five weight ratios of 
dry sucrose to GSS, i.e. 100/0, 75/25, 50/50, 25/75, 0/100 (denoted as Sucrose, 
S75G25, S50G50, S25G75, and GSS respectively) were weighed and 
dissolved in distilled water (solid-water ratio 1:9). The solutions were frozen 
at -20ºC for 24 hours. Then they were dried under vacuum for 20 hours using 
a freeze dryer (VirTis BenchTop, New York, USA). Samples were removed 
from the freeze-dryer and immediately sent to a freezer at       -20ºC for 4 
hours. After that, they were continuously dried in the freeze dryer for 20 hours 
before sent to the freezer at -20ºC for another 4 hours. Such cycles including 
freeze-drying for 20 hours and freezing for 4 hours were repeated until the 
samples were completely dried. During the freeze-drying process, the sample 
temperature (i.e. the shelf temperature) was carefully monitored to be below 
0ºC to avoid any possible ice melting and therefore induced crystallization. 
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When the sample was completely dried, its temperature was allowed to rise to 
room temperature. 
 
The freeze-dried sample cake was quickly ground into fine powders using a 
kitchen miller (Panasonic MX-J210GN, Matsushita Electric Industrial Co. Ltd, 
Japan). Powders with their size smaller than 300 μm were selected and 
subsequently dried in a desiccator with phosphorus pentoxide (P2O5, Merck, 
Darmstadat, Germany) and silica gel with blue indicator (Sino Chemical 
Company Pte Ltd, Singapore) under vacuum for more than 2 weeks. After that, 
the samples were used for DSC analysis and moisture absorption experiment. 
 
Amorphous dry sample of 0.5 g was weighed and placed into the plastic 
container of a water activity meter (AquaLab, Washington, USA). The 
amorphous samples were equilibrated with different saturated salt solution for 
2 weeks to achieve different moisture content. The gained weight after 
equilibration was recorded to calculate the moisture content. Over-saturated 
salt solutions used were LiCl (aw ≈ 0.113), CH3COOK (aw ≈ 0.225), MgCl 
(aw≈0.329) at 25ºC. Lithium chloride (98% purity) was purchased from Alfa 
Aesar (Heysham, Lancashire, UK). Potassium acetate (extra pure) and 
magnesium chloride haxahydrate were purchased from Merck (Damstadt, 
Germany). 
 
Before DSC analysis, the samples were confirmed to be fully amorphous by 
using FTIR method suggested by (73) (FTIR results not shown here). The 
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amorphous sucrose samples equilibrated at aw ≈ 0.329 were found to be 
crystallized. 
 
4.2.2. Thermal Analysis 
 
Sample preparation for DSC analysis was same as that in Chapter 3. The 
temperature profile of the DSC experiments is illustrated in Figure 4-1. For all 
samples, they were initially heated in a DSC pan from ambient temperature 
(T1=25°C) to about 40ºC above their glass transition temperature at 20°C/min. 
The only exception was for the amorphous sucrose; it was heated to 200ºC at 
20ºC/min then quenched at 20ºC/min due to the unavoidable thermal induced 
crystallization happened immediately after the glass transition region. The 




Figure 4-1: DSC temperature profile to determine Tg of the glass, and measure 
the enthalpy relaxation of the glass at aging temperature Ta for aging time ta.  
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4.2.3. Mathematical Modeling  
 
The experimental data were modeled by KWW expression using Matlab 6.5.1 
(MathWorks, Inc, Natick, Massachusetts, USA) through non-linear regression. 
β values for a sample at different aging temperatures were found to be the 
same, which is to be discussed in detail in Chapter 5.  
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4.3. Results and Discussion 
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Figure 4-2: Absorbed moisture content for all sucrose-GSS mixtures at 
different water activity after 2 weeks at 25ºC. 
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The amount of moisture absorbed through equilibration with different 
saturated salt solutions for 2 weeks are shown in Figure 4-2. The amorphous 
sucrose remained as amorphous under the environment of aw= 0.113 and 0.225, 
but crystallized under the environment of aw = 0.329. Under aw = 0.329, the 
absorbed water in sucrose were mobile enough to initialize nucleation and 
caused crystallization. Our results on sucrose are consistent with other studies 
in the literature such as Makower and Dye (74). All the other samples 
remained as amorphous after equilibration. The crystallization of mixtures 
including S25G75, S50G50 and S75G25, as well as GSS were inhibited at aw 
= 0.329. Through freeze-drying, different sugar molecules were dispersed 
among each other and the resulted heterogeneity inhibited crystallization. As 
expected, the moisture content of a sample increased with an increase of 
equilibrium water activity (Figure 4-2a). Due to the limited data on different 
water activity, it is hard to conclude the water sorption isotherm type and to 
model the data using either BET (Brunauer-Emmett-Teller) or GAB 
(Guggenheim-Anderson-de Boer) model. Nevertheless, with an increase of 
GSS addition into the sucrose-based mixture, the moisture content increased at 
the same equilibrium water activity (Figure 4-2b). GSS seemed to have a 
higher water holding capacity compared to amorphous sucrose at the same 
water activity. Poirier-Brulez et al (66) argued that water activity was a 
practical parameter to consider for preparing samples, water content was a 
relevant characteristic when considering glass transition temperature or 
stability. Therefore in their study, results were discussed as a function of water 
content rather than water activity. The same approach is adopted in this study, 
except in some situation water activity is used for easy comparison. Due to 
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that the objective of moisture absorption was to introduce different moisture 
contents to the samples, the moisture absorption results of the amorphous 
samples will not be discussed extensively here. 
 
4.3.2. Glass Transition 
 
The glass transition temperatures of the mixtures of amorphous sucrose and 
amorphous GSS with different moisture content were plotted against GSS 
addition percentage and equilibrium water activity, as shown in Figure 4-3. 
The measured glass transition temperatures of anhydrous samples were lower 
than those of similar samples in Chapter 3. The differences could be caused by 
their different thermal history and residual water content. In Chapter 3, the 
freeze-dried sample was ground into power and then dried in a vacuum oven 
at 60ºC for 24 hours under vacuum less than 50 mmHg pressure. Such vacuum 
oven drying was sufficient to remove moisture residue in the amorphous 
samples after freeze-drying. However, the vacuum drying might easily alter 
the physical state of amorphous samples such as amorphous sucrose and 
induce crystallization, since the amorphous samples with certain amount of 
water residue could have their Tg lower than 60ºC as demonstrated in Figure 
4-3. In this study, in order to ensure that the dry samples for moisture 
absorption were amorphous, equilibration with P2O5 in desiccator under 
vacuum at room temperature for 2 weeks was conducted instead. Theoretically, 
such equilibration should remove the residual water. However, due to highly 
hydroscopic nature of fine amorphous sugar powders, it is hard to remove the 
residual water as sufficient as the vacuum oven method did. Meanwhile, 
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different thermal histories were used to create the amorphous samples. The 
sample was only heated up to 40ºC above its Tg before quenching, instead of 
200ºC before quenching in Chapter 3. Such different thermal histories could 
create different glasses since glass transition temperature is highly dependent 
on its thermal history. During the heating to 200ºC, small sugar molecules 
may undergo degradation and subsequent polymerization, therefore the Tg 
value could be shifted. Even though there were differences in the glass 
transition temperature values of individual samples, the trend or relationship 
between Tg and GSS content of dry samples remained the same as in our 
previous studies. Possible reasons for such relationship have been extensively 
discussed in Chapter 3  In Figure 4-3(b), most amorphous samples had a rapid 
initial reduction in Tg from dry state when water was absorbed, followed by a 
gradual leveling off in the response at higher water content. This finding is 
consistent with that in Hancock & Zografi (70).  
 
Meanwhile, it is worthy to emphasize that different glass creation methods 
create glasses with different thermal behaviors. Thermally induced 
crystallization in amorphous solids is a well-known phenomenon. However, 
we found that only freeze-dried sucrose glass experienced thermally induced 
crystallization during heating while melting-quenched sucrose glass did not, as 
shown in Figure 4-4. During the first heating of the freeze-dried sucrose glass, 
it behaved as a typical glass with glass transition, followed by crystallization, 
and then melting. The complete crystallization during heating was confirmed 
by cooling immediately after the crystallization and followed by the second 
heating, during which no glass transition and crystallization were found. After 
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melting, sucrose glass was created by quenching. And the melting-quenched 
sucrose glass did not show any crystallization and associated melting if it was 
heated to 200ºC again. Such difference between the freeze-dried glass and 
melting-quenched glass were observed in our laboratory for other sugar 
glasses as well, e.g. glucose and fructose (DSC thermograph was not shown 
here). In the literature, these two methods for creating glass were used in many 
studies, and thermal-induced crystallization was well-reported for freeze-dried 
glass and no such report was found for melting-quenched glass. Furthermore, 
to our knowledge, the above difference has not been clearly pointed out. 
 
The thermal-induced crystallization happening at temperature between Tg and 
Tm (melting temperature) was suggested being the combined effect of 
supercooling (nucleation) and molecular motion (propagation). Saleki-
Gerhardt &  Zografi (25) discussed extensively on the factors governing 
crystallization of sucrose from amorphous state, concluding the nucleation to 
be affected by the above two opposing effects (cf. Figure 5 in (25)). They 
proposed that, from Tg to Tm, the supercooling effect decreased from 
maximum to minimum and the molecular motion effect increased from 
minimum to maximum, and their combined effect made the thermal-induced 
crystallization happen between Tg and Tm. Such theory could explain the 
thermal-induced crystallization in freeze-dried glass. However, it could not 
explain why the crystallization only takes place in freeze-dried glass but not in 
melting-quenched glass, since both supercooling effect and molecular motion 
effect are present in all types of glass. Nucleation is essential to initialize 
crystallization otherwise glass will be created during cooling of a melt. 
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Therefore, we hypothesize existence of crystal seeds in freeze-dried glass, 
which may be in micro- or nano-scale. Such crystal seeds were created in the 
long duration of a freeze-drying process, during which super-saturation was 
created and molecular motion was not inhibited enough (freeze-drying 
temperature is usually between -60ºC to 0ºC). Another possible cause to create 
micro-crystal seed is the physical aging that took place during the long time 
preparation process of freeze-dried amorphous sample. In the literature, during 
sub-Tg storage, nucleation was found to happen during physical aging of 
amorphous materials, such as amorphous indomethacin (63) and amorphous 
trehalose (62). On the other hand, during a melting-quenching process, usually 
less than 10 minutes is used to cool down the melt and form a glass. During 
such short time, the molecules may not have enough time to re-arrange their 
position to form micro-crystal seeds. Meanwhile, freeze-dried glass and 
melting-quenched glass may be different in free-volume based on the free-
volume theory on glass transition since they have different Tg values. Free-
volume may play an important role in crystallization propagation. In freeze-
dried glass, the free volume is large enough to allow crystallization 
propagation but not in melting-quenched glass. However, both micro-crystal 
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Figure 4-3: Measured glass transition temperature (midpoint) for all sucrose-
GSS samples equilibrated under different water activity environment. The 
predicted values for dry sample were calculated from Couchman-Karaz 
equation using experimental values for sucrose and GSS. 
 
Plasticization effect of water addition is clearly shown in Figure 4-3 as close-
to-linear drop of glass transition temperature was found with the increase of 
moisture content (or equilibrium water activity). Even though the exact 
relationship between Tg and aw was different to that described by Roos and 
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Karel (75) as mentioned in the introduction section, the nature of plasticization 
effect of water on Tg is the same. Meanwhile, the magnitude of plasticization 
effect by water should be different for different amorphous mixtures, due to 
different water affinity for different amorphous sugars. The crystallization of 
amorphous sucrose at aw = 0.329 confirmed the results in Roos and Karel (75). 
According to the free volume theory, addition of water as a plasticizer to a 
glass shall increase the free volume in the glass and therefore result in a 
reduction in Tg. Such phenomena have been reported in numerous publications 
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Figure 4-4: Different thermal behaviors of anhydrous sucrose glass created by 
freeze-drying and melting-quenching. The freeze-dried sucrose was heated 
from 30ºC to 150ºC at 20ºC/min, and then cooled to 0ºC at -20ºC/min. After 
that, it was heated from 0ºC to 200ºC at 20ºC/min and then quenched to 0ºC at 
20ºC/min to create melting-quenched sucrose glass. The melting-quenched 
sucrose glass was heated to 200ºC at 10ºC/min. 
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4.3.3. Enthalpy Relaxation 
 
Normalized relaxation enthalpy (∆H/δH) is plotted against aging time (ta) in 
Figure 4-5. Regarding the relaxation speed (∆H/δH) to water activity (aw) of 
samples, take anhydrous sample as a reference point, we found relationships 
as follows ( “>” means “relax faster”): 
Sucrose: aw = 0.225 > aw = 0 > aw = 0.113; 
S75G25: aw = 0.113 & aw = 0.225 > aw = 0 > aw = 0.329; 
S50G50: aw = 0.113 > aw = 0 & aw = 0.225 > aw = 0.329; 
S25G75: aw = 0 & aw = 0.113 > aw = 0.225 & aw = 0.329; 
GSS: aw = 0 & aw = 0.329 > aw = 0.113 & aw = 0.225. 
The above relationships could be categorized into three groups: (1) Sucrose & 
GSS, their relaxation speed first decreased with addition of water, then 
increased with further addition of water; (2) S75G25, S50G50, their relaxation 
speed first increased with addition of water, then decreased with further 
addition of water; (3) S25G75, its relaxation speed decreased monotonously 
with addition of water. Meanwhile, the magnitude of the change decreased 
with a decrease of aging temperature. 
 
When the experimental data were modeled using KWW expression by 
enforcing the same β value for all aging temperatures of a sample, the β values 
and characteristic relaxation time τ values were found as shown in Figure 4-6 
and Figure 4-7. In Figure 4-6(a), the β values of the samples at the same water 
activity decreased with the increase of GSS addition, which agrees with the 
general rule that carbohydrate with higher molecular weight and longer chains 
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has lower β value. The decrease of β value with increase of GSS addition 
indicates the increase of complexity and deviation between molecular motions 
during physical aging. As shown in Figure 4-6(b), the influence of water 
addition on β values was different for each sample. This indicates the 
complexity of water addition effect on β values. For samples of sucrose, 
S75G25, and S50G50, the initial addition of water from dry state increased the 
β value. Further addition of water resulted in a decrease of β value for sucrose 
and S50G50 but a continuous increase of β value for S75G25. For sample of 
S25G75 and GSS, initial addition of water from dry state decreased the β 
values and further addition of water increased the β values to the previous 
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Figure 4-5: Normalized relaxation enthalpy (∆H/δH) vs. aging time (ta) for all sucrose-GSS samples of various water activities at 
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Figure 4-6: Calculated β values for KWW expression of sucrose-GSS-water 
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Figure 4-7: Calculated τ values for KWW expression for sucrose-GSS-water 




In Figure 4-7, at the same distance below its corresponding Tgm, the τ values 
of sucrose, S25G75and GSS increased at initial addition of water from dry 
state.  With further addition of water, the τ values for sucrose and GSS 
decreased; but those of S25G75 changed with fluctuation. In contrast, the τ 
values of S75G25 and S50G50 decreased with initial addition of water from 
dry state, and their values increased with further addition of water. If the 
plasticization effect of a plasticizer in glass transition is defined as the 
acceleration of relaxation speed (i.e. decrease of τ value), the water addition 
had an initial anti-plasticization effect on sucrose, S25G75 and GSS and then 
plasticization effect with further addition on sucrose and GSS. For S27G75, 
general anti-plasticization effect was observed for water addition. Different 
results were found for S75G25 and S50G50, with plasticization effect upon 
initial water addition and anti-plasticization effect on further addition of water. 
 
By assuming Arrhenius-like dependence of characteristic relaxation time τ on 
relaxation temperature (Ta), the apparent activation energy (Ea) for enthalpy 
relaxation could be calculated as demonstrated in Chapter 3; its values are 
shown in Figure 4-8. The Ea values were found generally to increase with 
increase of GSS addition into the sucrose-based mixtures. Meanwhile, the Ea 
values decreased with increase of water content for samples containing GSS. 
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Figure 4-8: Apparent activation energy Ea values of sucrose-GSS-water 
mixtures, calculated by assuming the temperature dependence of τ to be 
Arrhenius-like. 
 
The model quality was demonstrated plotting the relaxation enthalpy values 
measured in the experiments against those calculated using KWW expression 
with the derived values of model parameters β and τ, as shown in Figure 4-9. 
It can be seen from Figure 4-9, the data points are quite close to line y=x in the 
early stage of relaxation, which indicates the good quality of the model. Due 
to large variation of measured values in the late stage of relaxation (see the 
data points of long time aging in Figure 4-5), the data points are more 
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scattered but evenly distributed around line y=x. The model quality 
deteriorates for the late stage of relaxation. Overall, the model quality is 











0 1 2 3 4 5 6
































Figure 4-9: Measured relaxation enthalpy (ΔH) values of sucrose-GSS-water 
mixtures from the aging experiments versus calculated relaxation enthalpy 
values from KWW expression by using the β and τ values from Figure 4-6 and 
Figure 4-7. 
 
The composition effect on the enthalpy relaxation was extensively discussed 
in Chapter 3. Here, due to different thermal histories of the amorphous 
samples and different modeling methods, the values of KWW parameters (i.e. 
β and τ) were different between the two studies but the general relationships 
remained the same. For samples at the same water activity, from the values of 
τ in Figure 4-7 and the relaxation speed ∆H/δH in Figure 4-5, it can be 
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concluded that the addition of GSS into sucrose retarded the relaxation speed 
at aging temperatures of the same distance below the corresponding Tg. The 
results could be due to the effect of larger molecules with slower molecular 
motion in GSS as suggested in our previous paper. Meanwhile, the decrease of 
β value with increase of GSS content confirmed our previous finding, which 
suggested that sucrose of small molecular weight generally has higher β values 
than GSS of large molecular weight. Generally speaking, even though 
different thermal histories were used resulting in different glass, and different 
modeling methods were used between this study and our previous study; 
however the composition effect on enthalpy relaxation was found to be similar. 
The findings could be summarized as that addition GSS into the sucrose-based 
mixtures increased the distribution spectrum of relaxation time (i.e. decreased 
β values) and reduced relaxation speed (i.e. increased τ values). More 
discussion regarding the composition effect could be found in Chapter 3. 
Furthermore, such composition effect was found to be kept for samples of the 
same water activity, regardless of the actual level of aw. This suggests that 
additions of water in small amount, such as in this study, did not change the 
composition effect on enthalpy relaxation. 
 
The influence of water addition on the enthalpy relaxation of the mixtures of 
sucrose-GSS seemed to be much more complicated than its plasticization 
effect on glass transition, and is even more complicated than its anti-
plasticization / plasticization effect on mechanical properties. In the literature, 
when miscible amorphous components are mixed, change in the free volume 
and molecular interaction are the two main factors for explaining changes in 
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structural relaxation. However, different from the glass transition, enthalpy 
relaxation is due to different molecule origin and the corresponding molecular 
motions. Glass-liquid transition, associated with the primary α-relaxation, 
corresponds to translational molecular mobility of the material, i.e. the 
translational molecular motions of the whole molecule in a cooperative way. 
In contrast, enthalpy relaxation, mainly due to β-relaxation, corresponds to 
local and specific molecular motions  of molecular origin in a non-cooperative 
way, such as the internal rotation of the main chain of a polymer, the local 
vibration of small molecules, or the reorientation of side chains of a big 
molecule toward reducing the configurational energy according to chemical 
structure and hydrogen bonding formation. Since the corresponding molecular 
motions for α and β relaxation are different, different effects of water addition 
on the glass transition and enthalpy relaxation are expected. 
 
According to free volume theory, when water is added into amorphous sugars, 
it should increase the free volume in the mixture system, since water carries 
higher free volume than the amorphous sugars. Therefore, the molecular 
mobility of the mixture should be increased at the same temperature and this 
will make the glass-liquid transition happen at lower temperature. In another 
word, it lowers the glass transition temperature. In contrast, the molecular 
motions responsible for β-relaxation do not appear to depend on the creation 
of free volume (76). Furthermore, it is suggested that small group rotations are 
unlikely to cause any observable change in free volume (71). In such cases, 
the increase of free volume due to water addition seems to be irrelevant to 
with enthalpy relaxation. However, we believe that the free volume effect 
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should not be completely ignored in understanding relaxation of amorphous 
materials. The molecular motion of β relaxation requires free volume, such as 
the rotation of main chains in a polymer, even though the required free volume 
may be quite small compared to that required for α-relaxation. Further, change 
in free volume should influence β-relaxation, since the molecular distance is 
changed and so are the molecular interactions. If the free volume is increased, 
the molecular distance increased, and the resulted molecular attraction should 
be weakened. This favors the molecular motions of β-relaxation. In such case, 
water addition into amorphous sugars increased the free volume and favored 
β-relaxation. So the barrier for β-relaxation should be lowered. However, the 
free volume theory assumes pure additivity of free volume and no molecular 
interaction. But in the case of water addition into amorphous sucrose, 
molecular interactions were promoted to take place due to the hydrogen 
bonding between water and free hydroxyl groups of sugars, which brought in 
more molecular interactions during water addition. 
 
Before water was added into amorphous sugars, the hydrogen bonding 
between the sugar molecules leads to the formation of sugar molecular entities. 
When water was absorbed, it disrupted the hydrogen bonds between the sugar 
molecules, and new hydrogen bonding between the sugar molecules and water 
molecules was formed. In general, the bonding in the system was weakened 
when water was absorbed and therefore α-relaxation and β-relaxation should 
be promoted. However, this is not the case as found in the literature, and that 
is why anti-plasticization effect of water addition on some mechanical 
properties is also found. Some specific interactions between polymer and 
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plasticizer molecules were suggested to restrict or prevent local rotations of 
side groups (77) and suppress β-relaxation (78) with reduction in free volume. 
Interaction between water and glassy carbohydrates may be of such nature 
since Kilburn et al (44) suggested the interaction of water with glassy 
carbohydrates occurred on very small length scale, i.e., water is closely 
associated with the carbohydrate. During the study of water absorption of 
amorphous carbohydrates by Kilburn et al (44), even though the hole volume 
in the glassy carbohydrates increased linearly with increasing water content, it 
was accompanied by an increase in density of the system. This suggested that 
the free volume was decreased during the water absorption process. Free 
volume decreasing with increase of water content was also observed in the 
study of a starch-water system (79). Two effects were suggested on water-
glassy carbohydrate interactions. First, water tended to fill the smallest voids 
in the glass matrix, which may be similar to the “hole-filling” effect of 
plasticizer in synthetic polymer that causes an anti-plasticization effect. A 
decrease in free volume and suppression of motion, particular at the polymer 
chain ends were caused (71). Second, the absorbed water, due to its 
interference with the intermolecular hydrogen bonding of the polymers, 
increased the degree of freedom of the polymer chains leading to a “cold” 
relaxation of the chains and coalescence of the smallest voids under the 
driving force associated with the reduction of free surface area. This may 
favor molecular motions at glassy state.  
 
In addition, glass was viewed as a heterogeneous system containing both high-
density-low-energy and low-density-high-energy regions (80), referred as 
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“islands of mobility” (81). The high energy regions have greater molecular 
mobility. The presence of small amount of water may tend to relax the high 
energy region therefore allowing rearrangement of the mixture, densification 
of the system, and deduction of the molecular motion of β-relaxation. 
 
GSS used in this study contained 1~4% glucose, 28~40% maltose, 25~35% 
maltotriose, and 25~35% other polysaccharides. Thus the mixtures containing 
GSS, i.e., S75G25, S50G50, S25G75 and GSS, are complex in chemical 
composition. The internal molecular interaction in these mixtures is complex 
even in dry state. The effect of water addition on the molecular interaction is 
hard to predict since the original molecular interaction is unclear even at the 
dry state. So here only the effect of water addition on sucrose glass of known 
molecule composition is attempted to interpret.  When water was first added 
into amorphous sucrose, relaxation speed was decreased a lot, and β value was 
increased slightly from 0.61 to 0.66. This may be explained by a “hole-filling” 
effect mentioned in previous text.  Further increase of water addition in the 
water-sucrose mixture will have a “cold” relaxation as mentioned in previous 
text. Further increase of water addition will make the molecular motion active 
enough to cause isothermal crystallization. Such effect of water addition is 
expected on other glass carbohydrates as well. However, similar effect was 
only observed in GSS and S25G75 but not in S75G25 and S50G50.  
 
In summary, the free volume change and complex molecular interaction due to 
water addition is hard to predict. Without a clear picture on the molecular 
origin of specific local molecular motions corresponding to β-relaxation, the 
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observed effect of water addition on enthalpy relaxation is difficult to explain. 
The sucrose-GSS model system is complex in chemical composition, which 
brings more difficulties in understanding the effect of water addition on 
enthalpy relaxation. We suggest that amorphous system of simple single 
compound, such as glucose, maltose and other simple sugars, should be used 
in future studies to better understand the effect of water addition. However, 
pure simple amorphous sugar may easily crystallize under even very low 




GSS was added into sucrose-based mixtures for stabilization purpose, 
including increasing the glass transition temperature and decreasing the 
enthalpy relaxation speed of the mixtures. However, its anti-plasticization 
effect on Tg was not as dramatic as expected. In contrast, its retardation on 
enthalpy relaxation was significant. Such effects of GSS addition were 
consistent in anhydrous state and different water activity. Due to hydroscopic 
nature of amorphous sugars, water absorption easily takes place. The effect of 
water addition on glass transition and enthalpy relaxation was studied. Its 
plasticization effect on Tg of sucrose-GSS amorphous mixtures was effective 
and straight forward. However, its effect of enthalpy relaxation was 
complicated. Similar to the anti-plasticization / plasticization effect of water 
on mechanical properties of amorphous foods, initial addition of water to 
amorphous samples from dry state could decrease the enthalpy relaxation 
speed and its further addition would increase enthalpy relaxation speed. “hole-
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filling” effect on the initial addition and “cold”-relaxation on the further 
addition were suggested to explain the effect of water addition. But such effect 
was only found in the studies of sucrose and GSS. And the effect of water 
addition on sucrose-GSS mixtures was hard to conclude in this study, due to 
the complex chemical composition of the sucrose-GSS mixture, together with 
the complicated mechanism or hypothesis of water addition on free volume 
and molecular interaction. Other simple amorphous sugar systems such as 
















5. INDEPENDENCE OF Β VALUE IN KWW 
EQUATION ON AGING TEMPERATURE 
5.1. Introduction 
 
In numerous studies of enthalpy relaxation, experimental data were fitted into 
the KWW equation to calculate the β and τ values. Table 5-1 summarized the 
values of β from enthalpy relaxation studies of common carbohydrate glasses. 
Large variation for β values could be found for the same carbohydrate glass, 
and even in the same study, such as for sucrose in Hancock et al (55), maltose 
in Lammert et al (56), glucose in Kawai et al (82), and trehalose in Kawai et al 
(82). In many studies, at different aging temperatures, the values of β were 
quite close to each other, such as for sucrose in Chapter 3, maltose in Kawai et 
al (82), lactose in Haque et al (83), GSS in Chapter 3, and potato starch in Kim 
et al (9). For the rest, there was no clear trend for the change of β values with 
the change of aging temperatures. However, there is a special case for sucrose 
in Urbani et al (50), in which all β values for different aging temperatures 
were forced to be the same. However, the authors explained that the β values 
were “set to be constant” and “ in no way does this mean that, β is independent 
from the aging temperature, but simply that the reported values is the average 
value in the range of Ta considered”. In another word, the β values were 
simply allowed to be set as independent of aging temperature without any in-
depth explanation or theoretical consideration. 
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Table 5-1: Value of β in KWW expression for enthalpy relaxation of selected 
food saccharides 
 
































16 11 0.515 (84) 
7 8.78 0.48 (85) Fructose 





38 9.89 0.56 (85) 
Glucose 
37 10 0.643 (87) 
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In this chapter, the β value in KWW expression was proved to be independent 
of aging temperatures through theoretical consideration. To our knowledge, 
this is the first time in the literature that β value is proved to be independent of 
aging temperature. Meanwhile, the enthalpy relaxation data in Chapter 3 & 4 
was modeled using two different mathematical modeling methods for 
comparison purposes. One method used linearized KWW expression and 
least-square linear regression; and another used KWW expression with 
enforced β values to be same at all aging temperatures. 
 
5.2. Theoretical Consideration of β Value for Different Ta 
 
Assuming a glass is aged at two different aging temperatures T1 and T2, and 
T2<T1<Tg. As shown in Figure 5-1, the maximum relaxation enthalpy (δH) that 
a glass can release during an isothermal aging at Ta, could be calculated by: 
( ) ( ) ( )H pl pg g a p g aC C T T C T Tδ = − ⋅ − = Δ ⋅ −  
where plC  is the specific heat of the equilibrium liquid, pgC  is that of the glass, 
and ΔCp is the difference between them. From the above equation and Figure 





Figure 5-1: Schematic diagram of the enthalpy of a glass during physical 
aging. Line AB represents supercooled melt (rubber), and Line BCD 
represents unaged glass. T1 and T2 are two aging temperatures below Tg, and 
T2 < T1. Line BEF is the extension of Line AB representing equilibrium liquid. 
The distance of Line CF and DE represent the maximum relaxation enthalpy 
δH1 and δH1 at T1 and T2 respectively. 
 
The relaxation enthalpy could be plotted against relaxation time as illustrated 
in Figure 5-2, where part (a) is for the absolute value of relaxation enthalpy 
and part (b) shows relaxation enthalpy normalized by the maximum relaxation 
enthalpy. Such plot could be obtained by using data from numerous 
publications, such as enthalpy relaxation of amorphous sucrose and its 
amorphous  mixtures with tapioca glucose syrup solid from Chapter 3, 
amorphous lactose from Haque, Kawai and Suzuki (83), amorphous maltose 
from Lammert, Lammert and Schmidt (56), sucrose from Truong et al (50), 
indomethacin, sucrose, and poly (vinyl pyrrolidone) (PVP) from Hancock, 
Shamblin and Zografi (55), and ploy (vinyl methyl ether) (PVME) from 





Figure 5-2: Schematic plot of (a) relaxation enthalpy (ΔH) against aging time 
(t) and (b) normalized relaxation enthalpy (ΔH/δH) against aging time (t) for 
different aging temperatures (T1>T2) 
 
When a glass ages at different aging temperatures, due to the molecular 
mobility dependence on temperature, it relaxes faster at higher aging 
temperature. This could be seen in Figure 5-2(b), where the normalized 
relaxation speed at higher temperature T1 is always faster than that at lower 
aging temperature T2. But in the plot of absolute value of relaxation enthalpy 
ΔH (Figure 5-2(a)), it is found that the glass releases more enthalpy during 
relaxation at lower aging temperature T2 than that at high aging temperature T1. 
This is caused by the larger value of the maximum relaxation enthalpy (δH) at 
lower aging temperature. 
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By rewriting KWW expression to a linearized form of double logarithm of 
Φ(t):  
ln[ ln ( )] ln lnt tβ β τ− Φ = ⋅ − ⋅    Equation 5-1 
and using linear least-square regression methods, it is possible to obtain the 
values of β and τ for each sample, based on DSC experimental data of Tg, Ta, 
ta, ΔH,  and ΔCp.  Figure 5-3 illustrats three possibilities of linearized KWW 
plot of enthalpy relaxation at different aging temperatures T1 and T2. In the 
linearized KWW plot, the slope of each line represents the value of β. When β1 
is not equal to β2, the two lines for aging temperatures T1 and T2 are not 
parallel to each other, and they will cross at Point C with an aging time of tc. 
 
When 1 2β β> , at any aging time t0 such that 00 ct t< < , from Figure 5-3(a), 
we can obtain: 
 0 1 0 2ln[ ln ( ) ] ln[ ln ( ) ]t t− Φ < − Φ  Î 0 1 0 2( ) ( )t tΦ > Φ  
therefore: 
1 2
0 1 0 2
1 2
( ) 1 ( ) 1
H H
H Ht tδ δ










δ > , we have 
2 1H HΔ > Δ  
However, in the early stage of enthalpy relaxation, the relationship 
1 2H HΔ > Δ had been proved by numerous studies as shown in Figure 5-2(a). 





Figure 5-3: Plot of linearised Kohlrausch-Williams-Watts (KWW) expression 
ln[ ln ( )] ln lnt tβ β τ− Φ = ⋅ − ⋅  for different sub-Tg aging temperatures T1>T2 
 
When 1 2β β< , assume the glass requires aging time t1 at aging temperature T1 
and aging time t2 at aging temperature T2 to reach the same amount of 
relaxation, as shown in Figure 5-3(b), i.e.  
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1 1 2 2 0ln[ ln ( ) ] ln[ ln ( ) ] ln[ ln ( ) ]xt t t− Φ = − Φ = − Φ  
When both t1 and t2 are bigger than tc, it is easy to see from Figure 5-3(b) that: 
 1 2ln ln ln ct t t> >  
 1 2 ct t t> >  
When 0( ) 0xtΦ →  (i.e in the later stage of relaxation), then 
0ln[ ln ( ) ]xt− Φ →+∞ , and 1 2 ct t t> >  always holds. This means that at higher 
aging temperature T1, the glass requires longer aging time t1 to complete the 
relaxation than that (i.e. t2) at lower aging temperature T2. Such a conclusion is 
in contradiction to the well-known dependence of molecular mobility on 
temperature. The dependence determines that molecules have higher 
molecular mobility at higher temperature and therefore a glass should relax 
faster at higher aging temperature, which has been confirmed by numerous 
studies on enthalpy relaxation in the literature. Therefore, the relationship 
1 2β β<  can not be valid too. 
 
In conclusion, only 1 2β β= is valid for aging temperature T1 and T2. 
Furthermore, such relationship is valid in both extreme situations of early and 
later stages of relaxation. In another word, β value is independent of the aging 
temperature. In the literature, most researchers used least-square fitting 
method to analyze enthalpy relaxation data by allowing different β values for 




5.3. Materials and Methods 
 
Data from Chapter 3 & 4 were used. Using the linearized KWW expression 
(Equation 3) and linear least-square regression methods (hereinafter called 
“Modeling Method I”), the values of β and τ for each sample were obtained 
using Microsoft Excel®. Values of β and τ for KWW equation with enforcing 
β values to be the same were obtained through KWW expression using Matlab 
6.5.1 (MathWorks, Inc, Natick, Massachusetts, USA) through non-linear 
regression (herein after called “(in “Modeling Method II”).  
 
5.4. Results and Discussion 
 
Using Modeling Method I and experimental data in Chapter 4, the values of β 
and τ were calculated and shown in Figure 5-4, Figure 5-5, Figure 5-6 and 
Figure 5-7. In Figure 5-4, β values were found to increase with the increasing 
distance between Tgm and Ta. In another word, the lower the aging temperature, 
the bigger β values for the glass. But some exception could be found, such as 
GSS at aw=0.113. In Figure 5-5(d, e, f), there is no clear relationship between 
the GSS addition and β values, as GSS addition showed different effects on 
the same glass at different aging temperatures. In Figure 2(a, b, c), change of β 
values with change of moisture content was not also consistent at different 
aging temperatures, with the only exception of sucrose, whose β values 
increased then decreased with the moisture content. Such results make it hard 
to conclude the influence of moisture content on β values. In Figure 5-6, 
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values of τ increased with lowering Ta, and this is expected. But some 
exceptions were found such as S25G75 at aw=0.113 and GSS at aw=0.113. In 
Figure 5-7(d, e, f), change of τ values with change of GSS addition is unclear, 
as their relationships were different on different aging temperatures. And an 
unusual trend at aw=0.329 was found as the decrease of τ values with increase 
of GSS addition. In Figure 5-7(a, b, c), change of τ values with change of 
moisture content was only consistent for sucrose and GSS at different aging 
temperatures, which is the increase with initial addition of water and decrease 
with further addition of water. For some sample such as S50G50, its results 
were contradictive to each other, where τ values increased with addition of 
moisture content at Tgm-10K, but decreased with moisture addition at Tgm-15K 
and Tgm-20K. All of these results with unclear trend and inconsistent 
relationships require a new modeling method with reasonable assumptions. 
 
Values of β and τ obtained by Modeling Method II were shown in Figure 
4-6and Figure 4-7. Values of β were found to decrease with addition of GSS 
and values of τ increased with addition of GSS at same water activity. The rest 
of the results have been discussed in Chapter 4 in details and therefore not 
repeated here. Using Modeling Method II, the effect of GSS addition on β and 
τ values became clear. GSS contained around 25%~35%  polysaccharides with 
more than 3 glucose units, which is a considerable amount of relatively high 
molecular weight compounds. Theoretically, addition of GSS into sucrose-
based mixture should decrease β value and increase τ values, since high 
molecular weight carbohydrates usually have lower β value, slower molecular 



























































Figure 5-4: Relationship between aging temperature and β value in KWW 
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Figure 5-5: Relationship between moisture content, GSS addition and β value 






























































Figure 5-6: Relationship between aging temperature and τ value in KWW 
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Figure 5-7: Relationship between moisture content, GSS addition and τ value 
in KWW equation through Modeling Method I (Sucrose-GSS-water mixtures). 
 
Using the same approach, data in Chapter 3 on enthalpy relaxation of Sucrose-
GSS mixtures created by melting-quenched method were re-modeled and 
Figure 5-8 compares the results by the two modeling methods. Fsrom Figure 
5-8, it is clear that Modeling Method II produced results with clearer 
relationship between the change of β and τ values and the addition of GSS into 
sucrose-based mixtures. 
 
The quality of the two models was also compared by plotting values of 
enthalpy relaxation through calculation from KWW equation and 
measurement from DSC experiments. Using the data from Chapter 4, Figure 
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5-9 is produced using data from Modeling Method I and Figure 4-9 which was 
plotted using data from Modeling Method II. As shown in Figure 5-9, 
correlation coefficient R value was 0.95 and mean square error value MSE 
was 0.19. In Figure 4-9 correlation coefficient R value was 0.91 and mean 
square error MSE value was 0.27. While the model quality from Modeling 
Method I was better than that form Modeling Method II, both are good and 
acceptable. With a slight compromise of the model quality, Modeling Method 
II showed a clearer relationship between β and τ values and change of GSS 




Value of β in KWW equation is independent of aging temperature. 
Mathematical modeling with enforcing β values of a glass to be same at all 
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Figure 5-8: Comparison of two modeling methods I and II using data from 
Chapter 3 (Sucrose-GSS mixtures). Part a-1, b-1, c-1 and d-1 are results from 
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Figure 5-9: Measured relaxation enthalpy (ΔH) values from the aging 
experiments versus calculated relaxation enthalpy values from KWW 
















6. EFFECT OF STARCH ADDITION ON GLASS 
TRANSITION & ENTHALPY RELAXATION OF 
SUCROSE BASED MIXTURES 
6.1. Introduction 
 
Thermal processing such as extrusion is commonly used to process starch-
based cereal products. It results in amorphous (glassy) or partially amorphous 
final products with relatively limited moisture, for example, less than 3~5% 
for ready-to-eat breakfast cereal (89). Sucrose, the arguably most important 
sugar for the food industry, is usually added into cereal products to enhance 
their flavor and control textures. The sucrose addition could increase product 
density (90), reduce sectional expansion (90), and increase crispiness (91). 
Starch and sucrose have also wide usage in pharmaceutical production. Many 
starch-sucrose based pharmaceuticals are either freeze-dried or spray-dried 
and they are also in amorphous state after the processing. Structural relaxation 
in starch-sucrose based systems containing limited moisture is also applicable 
to starch-sugar contained pharmaceuticals. In a mixture of sucrose-starch 
system, sucrose, with lower molecular weight and higher molecular mobility, 
possess higher chance of undergoing physicochemical changes that affects the 
quality of the mixtures during storage. Starch is often added in as a stabilizer, 
hopefully to increase glass transition temperature and reduce molecular 
mobility of the sucrose-based mixture during sub-Tg storage, through 
interacting with sucrose molecules. The same concept could be applied to 
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other food and pharmaceutical systems containing active small molecular 
components. 
 
In the literature, studies on glass transition and enthalpy relaxation of starch-
sugar mixtures are limited, despite their importance in amorphous foods and 
pharmaceuticals. Kalichevsky et al (39) studied glass transition of amylopectin 
(waxy corn starch)-sugar mixtures. They found that small amounts of sugar 
reduced the Tg of starch either in accordance with or in excess of the 
predictions by Couchman-Karasz equation. However, for samples containing 
the greatest amount of sugar (amylopectin: fructose = 2:1), less plasticization 
than the predicted was observed, which was suggested being due to a 
substantial degree of phase separation that resulted in amylopectin-rich and 
fructose-rich regions. Besides thermal Tg, mechanical Tg of starch-based 
extrudes was also found to be reduced by sugar addition (90). Poirier et al (66) 
studied the influence of sucrose addition on molecular mobility in starch-based 
glasses. Glass transition temperature was found to be reduced by the sucrose 
addition but β-relaxation temperature was found to be increased upon 
increasing sucrose content. A hindering of local motions corresponding to β-
relaxation was suggested to explain the results that were contradictive to free 
volume theory. 
 
However, the samples used in Kalichevsky et al (39) for thermal Tg study 
contained about 10~25% moisture and those in Carvalho & Mitchell (90) for 
mechanical Tg study contained about 8~50% moisture. Neither of these two 
studies focused on starch-sucrose mixtures with limited moisture content (less 
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than 5%) such as in breakfast cereal products. Furthermore, only one or two 
concentrations (usually less than 20% w/w, db) of sucrose addition were 
studies. In (66), a moisture range of 5~13% was studied for glass transition but 
only with up to 20% sucrose addition. Furthermore, their study on enthalpy 
relaxation was only for one aging temperature (i.e. Ta=Tg-15ºC) and with one 
moisture content (12%). Such a study did not provide systematic 
understanding about the kinetics of enthalpy relaxation. Moreover it is worthy 
to point out that the mixtures were compressed at 300 MPa prior to thermal 
analysis and such high pressure may alter the physicochemical properties of 
the starch in the mixtures (92).  
 
In this chapter, the effect of starch addition on the glass transition and enthalpy 
relaxation of amorphous sucrose based mixtures was studied. 
 
6.2. Materials & Methods 
6.2.1. Sample Preparation 
 
Analytical grade crystalline sucrose (Merck, Darmstadt, Germany) and native 
corn starch powder (MELOJEL®, National Starch and Chemical, Singapore) 
were used in this study. Their moisture contents were determined using a 
Shimadzu Moisture Balance MOC-120H (Kyoto, Japan) and found to be 0.4 ± 
0.1% and 14.2 ± 0.2% respectively for sucrose and starch. Seven weight ratios 
of dry sucrose to dry starch, i.e. 100/0, 80/20, 70/30, 60/40, 50/50, 40/60, and 
20/80 (denoted as Sucrose, Su80St20, Su70St30, Su60St40, Su50St50, 
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Su40St60 and Su20St80, respectively) were chosen. Water was weighed to be 
4 times of the total solid weight of a sucrose-starch mixture. Sucrose was fully 
dissolved in distilled water before starch was added in. The sucrose-starch-
water mixture was cooked until 90ºC with continuous stirring to fully 
gelatinize the starch and to mix sucrose and starch homogenously. The 
mixture after cooking was spread into a petri dish in thin layer (around 5mm) 
before it was sent to a -30ºC freezer for more than 24 hours. The completely 
frozen mixture was then dried under vacuum for 20 hours using a freeze dryer 
(VirTis BenchTop, New York, USA). Samples were then removed from the 
freeze-dryer and immediately sent to freezer at -30ºC for 4 hours. After that, 
they were continuously dried in the freeze dryer for 20 hours before sent to the 
freezer at -30ºC for another 4 hours. Such cycles including freeze-drying for 
20 hours and freezing for 4 hours were repeated until the samples were 
completely dried. During the freeze-drying process, the sample temperature 
(i.e. the shelf temperature) was carefully monitored to be below 0ºC to avoid 
any possible ice melting and therefore induced crystallization. When the 
sample was completely dried, its temperature was allowed to rise to room 
temperature in freeze-dryer. 
 
The freeze-dried sample cake was quickly ground into fine powders using a 
kitchen miller (Panasonic MX-J210GN, Matsushita Electric Industrial Co. Ltd, 
Japan). Powders with their size smaller than 300μm were selected and 
subsequently dried in a desiccator with phosphorus pentoxide (P2O5, Merck, 
Darmstadat, Germany) and silica gel with blue indicator (Sino Chemical 
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Company Pte Ltd, Singapore) under vacuum for more than 2 weeks. After that, 
the samples were used for DSC analysis. 
 
6.2.2. Thermal Analysis 
 
Thermal analysis using DSC was same as described in Chapter 3. For all 
samples, they were initially heated in a DSC pan from ambient temperature 
(T1=25°C) to about 40ºC above their glass transition temperature at 20°C/min. 
The only exception was for the amorphous sucrose; it was heated to 200ºC at 
20ºC/min then quenched at -20ºC/min due to the unavoidable thermal induced 
crystallization happened immediately after the glass transition region. The 
thermal histories for each experiment were same as described in Chapter 3 and 
the mathematical modeling of experimental data was same as that in Chapter 4. 
 
6.3. Results & Discussion 
6.3.1. Glass transition 
 
Different thermal behaviors of lyophilized and melt-quenched sucrose are 
shown in Chapter 4 and the difference could be attributed to their different 
thermal histories that resulted in different glass structures, which were 
discussed previous chapters. Nucleation resulted from sub-Tg relaxation (62, 
63) during the creation of lyophilized sucrose, may also be a reason for the 
















Figure 6-1: DSC thermographs of unaged amorphous sucrose-starch mixtures 
at 10ºC/min heating after thermal history erase. 
 
Thermal behaviors of unaged amorphous sucrose-starch mixtures are shown in 
Figure 6-1. The mixtures with 20% and 30% starch addition (i.e. Su80St20 
and Su70St30) behaved similarly to amorphous lyophilized sucrose, with 
thermally induced crystallization during heating and subsequent melting with 
continuous heating. The starch addition shifted the thermally induced 
crystallization to higher temperature and the temperature shift increased with 
increasing starch addition. However, such phenomena disappeared when the 
starch addition reached 40% and above, which should be due to the effect of 
starch addition itself. Nucleation during physical aging depends on molecular 
mobility and it is a kinetic process. Propagation, another key factor for 
crystallization, is also highly dependent on molecular mobility. The addition 
of starch into sucrose reduces free volume in the mixture according to the free 
volume theory and therefore it may restrict the molecular mobility during 
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enthalpy relaxation, which will be further discussed later in this section. This 
could be the cause for the shift of thermally induced crystallization to higher 
temperature after starch addition. Meanwhile, addition of starch into sucrose 
had a dilution effect on the sucrose molecules. The restriction and dilution 
effects on the sucrose molecules with increasing starch addition may limit 
both the nucleation during physical aging and the propagation of 
crystallization during heating. This may explain why the thermally induced 
crystallization was shifted to higher and higher temperature and then 
disappeared with continuously increasing starch addition. However, these 
phenomena may also suggest possible phase separation between the two 
components which resulted in sucrose-rich and starch-rich regions in some 
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Figure 6-2: Glass transition temperatures (onset, midpoint and endpoint) of 
unaged amorphous sucrose-starch mixtures. 
 
Glass transition temperatures of the unaged sucrose-starch mixtures are shown 
in Figure 6-2. According to the free volume theory and Gordon-Taylor 
equation, anhydrous starch with its theoretical thermal Tg of 243ºC should 
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work as a powerful anti-plasticizer when added into sucrose even with very 
small amount. However, in our study, such powerful anti-plasticization effect 
was not observed even with 80% addition. Starch addition did not increase the 
glass transition temperature (onset and midpoint) of the amorphous sucrose-
starch mixture dramatically. It is worthy to point out that the glass transition 
temperature was from melt-quenched samples for sucrose and the rest were 
from lyophilized samples. This may explain why the glass transition 
temperatures of the sucrose-starch mixtures were lower than those of sucrose. 
Among the sucrose-starch mixtures with, up to 40% starch addition, the 
mixtures had similar Tg values to sucrose. With 50% to 80% addition, the 
mixtures had slightly higher Tg values but they were still far away from the 
theoretical starch Tg (243ºC). Similar results were reported for anhydrous co-
lyophilized mixtures containing sucrose and 10% various other materials, 
including trehalose (Tgm=123ºC), poly(vinylpyrrolidone) (PVP, Tgm=185ºC), 
poly(vinylpyrrolidone-co-vinylacetate) (PVP/VA, Tgm=112ºC) and dextran 
T500 (Tgm=229ºC) (26).  
 
When one component is added into another for plasticization or anti-
plasticization, molecular miscibility is an essential criterion for the expected 
effect. When there is a lack of molecular miscibility, the added component 
will work as a filler for dilution effect only. When starch and sucrose were 
mixed through freeze-drying of an aqueous solution, molecular level 
homogeneity was ensured to avoid the filler effect caused by physical mixing. 
However, whether sucrose and starch are molecularly miscible or not, is 
arguable. Due to their similar structure of having excessive hydroxyl groups 
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attached to hydrocarbon rings, hydrogen bonding between the two type 
molecules could ensure the miscibility between the two components. However, 
different to other mono-, di- and oligo-saccharides, the extremely long main 
chain and other long side chains in the starch polymers make large percentage 
of its hydroxyl groups not accessible for sucrose molecules, especially when 
water molecules are limited in the anhydrous samples. However, there should 
be some degree of hydrogen bonding between sucrose and starch molecules 
when they are mixed at molecular level, such as those hydroxyl groups in the 
side chains that could contact sucrose molecules. In another words, the 
restricted miscibility between sucrose and starch molecules in the anhydrous 
samples could result in limited hydrogen bonds between the two components, 
therefore resulted in limited effects of anti-plasticization when starch was 
added to sucrose. However, in such a case, there might be another glass 
transition region for starch-rich zones in the mixture when starch was 
excessive. Due to the expected dry starch Tg to be around 243ºC, starch would 
degrade before reaching its glass transition temperature and this makes it 
technically impossible to measure its thermal Tg. In the literature, water was 
added into starch to lower its Tg for thermal determination, and commonly 
only thermal Tg values of starch with more than 4~5% moisture were reported 
(79). 
 
Different from the glass transition onset and midpoint temperatures, the width 
of glass transition temperature zone (i.e. endpoint-onset) increased 
significantly from 7.5ºC for sucrose to 31.6ºC for Su20St80. The change of Tg 
width with increasing starch addition into sucrose is shown in Figure 6-3. The 
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Tg width increased almost linearly with increasing starch addition up to 60% 
then plateaued. The Tg width under constant heating rate reflects a difference 
in glass fragility (32). A strong glass-former does not exhibit rapid changes in 
relaxation time with temperature, so a large glass transition width could be 
observed. In this study, the significant increase of Tg width reflected the 
change from a fragile glass to a strong glass with increased starch addition. 
This agrees with the general fragility concept in saccharides, that is, high 
molecular weight materials such as starch are generally strong glass and low 
molecule weight materials such as mono- and di-saccharides are generally 
fragile glasses. The transformation from a fragile glass to a stronger glass due 
to starch addition reflected the existence of molecular interaction between 
starch and sucrose in the mixtures. However, the limited anti-plasticization 
effect upon starch addition suggests a non-ideal mixing between them. This 
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Figure 6-3: Width of glass transition zone (width=endpoint-onset) for unaged 
amorphous sucrose-starch mixtures. 
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6.3.2. Enthalpy Relaxation 
 
Due to its strong relationship with molecular mobility and other physical-
chemical properties during sub-Tg storage, understanding the kinetics of 
enthalpy relaxation is critical in ensuring the quality of amorphous food and 
pharmaceutical products. As stated earlier, KWW equation is the most widely 
used model for describing the enthalpy relaxation kinetics in the literature. 
With starch addition up to 80%, β values of the sucrose-based mixtures 
decreased from 0.61 to 0.39, as shown in Figure 6-4. And there was only a 
small drop in β values with starch addition more than 50%. The β value for 
sucrose agrees with literature data Chapter 2. In the literature, gelatinized 
starch has β values of around 0.3~0.4 for various origins with 14.5~16% 
moisture (see Chapter 2). However, there has been no report on the relaxation 
kinetics of anhydrous starch, so it is impossible to compare our values with 
literature data. The drop in β values due to starch addition suggests an increase 
of difference or deviation between molecular motions corresponding to 
enthalpy relaxation. The corresponding molecular motions in the sucrose-
starch mixtures during enthalpy relaxation could be mainly by the sucrose 
molecules and some possible rotational motions of specific side chains in the 
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Figure 6-4: Values of β for various sucrose-starch mixtures 
 
The value of τ in KWW equation defines the mean relaxation time at that 
relaxation temperature. Figure 6-5 shows the values of τ for the sucrose-starch 
mixtures. Comparisons between τ values were sometimes carried out in the 
literature for understanding the relaxation kinetics. Meanwhile, τΦ(t)=50% has 
also been introduced to help understand the relaxation process. Value of 
τΦ(t)=50% is defined as the time required for half completion (50%) of the 
possible maximum enthalpy relaxation at a single relaxation temperature, 
which is the value of relaxation time t in KWW equation when Φ(t) = 0.50. 
The calculated τΦ(t)=50% values are shown in Figure 6-6. The values of τΦ(t)=50% 
increased dramatically with starch addition, and the change were accelerated 
with increasing starch addition. Similar results were reported in the literature, 
e.g. 10% addition of trehalose, PVP/VA, PVP, and dextran reduced the values 
of τΦ(t)=50%  at 17~20ºC below Tgm for anhydrous co-lyophilized mixtures 
containing sucrose (26). The retardation effect of storage temperature on 
relaxation kinetics has been discussed in Chapter 2 & 3. In this study, the 
temperature retardation effect on relaxation kinetics was further shown to be 
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magnified through increased starch addition. In other words, the molecular 
motions corresponding to the enthalpy relaxation in the sucrose-based 
mixtures were greatly retarded by starch addition, and this retardation effect 
increased with increasing starch addition. This suggests molecular interaction 
between sucrose and starch molecules due to starch addition. And as discussed 
earlier, the most possible molecular interactions between them would be 
hydrogen bonding, according to their chemical structures. The magnification 
of storage temperature retardation effect suggests a possible synergy between 
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Figure 6-5: Value of τ for various amorphous sucrose-starch mixtures at 










0% 20% 40% 60% 80%















Figure 6-6: Values of τΦ(t)=50% for various sucrose-starch mixtures at different 
aging temperature 
 
To evaluate the model quality, relaxation enthalpy values were calculated 
using KWW equation with β values in Figure 6-4 and τ values in Figure 6-5. 
The calculated relaxation enthalpy values versus the measured relaxation 
enthalpy are shown in Figure 6-7. It can be seen that the data points were 
distributed around line y=x in a relatively narrow range, which suggests an 
acceptable model quality. The mean square error MSE was 0.262 and 













0 1 2 3 4 5 6 7 8





















Figure 6-7: Relaxation enthalpy measured by DSC for sucrose-starch system 




Based on the free volume theory, the addition of polymer molecules to a small 
molecule-based system generally results in a decrease of free volume and 
therefore a decrease of molecular mobility in the mixture (i.e. anti-plasticizing 
effect). So accordingly the temperatures corresponding to α and β relaxations 
should increase, and the enthalpy relaxation speed should slow down 
accordingly. However, this study has shown that for anhydrous sucrose-based 
mixtures with starch addition, the Tg (α-relaxation) value was not increased 
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dramatically due to starch addition, but the enthalpy relaxation speed was 
dramatically reduced and the retardation effect of storage temperature on 
enthalpy relaxation was magnified by the addition. These results could be due 
to the molecule interactions between sucrose and starch molecules but such 
interactions were relatively limited compared to an ideal situation. Currently, 
reported studies on the relationship between enthalpy relaxation and other 
property changes have been largely qualitative and not quantitative yet. More 
studies are required on the kinetics of enthalpy relaxation to enable better 















7. EFFECT OF WATER ADDITION ON GLASS 
TRANSITION AND ENTHALPY RELAXATION 
OF SUGAR-STARCH MIXTURES 
7.1. Introduction 
 
According to the free volume theory, water works as a universal plasticizer in 
hydroscopic amorphous products. Addition of water increases free volume and 
therefore segmental mobility. As such, the corresponding relaxation 
temperatures, including α- and β-relaxation, should decrease with the increase 
of water addition. Meanwhile, enthalpy relaxation speed should increase. 
Mechanical properties including viscosity and elastic modulus should decrease 
due to broken or weakened bonds. Some reported results in the area of foods, 
pharmaceuticals, and synthetic polymers followed the theoretical prediction, 
especially on glass transition (α-relaxation). However, others showed 
contradictive findings, such as on enthalpy relaxation and mechanical 
properties (1, 3-5). Such complicated scenario suggests that it is necessary to 
take ad hoc approaches to understand the effect of water addition on 
amorphous systems. 
 
The effect of water on mechanical properties such as viscosity and elastic 
modulus was found to deviate significantly from theoretical predictions, 
especially in the range of low moisture content where an anti-plasticization 
effect was found (4, 5). Steric hindrance resulted from molecular interactions 
was suggested to explain the reduced segmental mobility, and adjacent bridges 
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between special groups and plasticizers was suggested to explain stiffening 
action. In order for water to have a plasticization effect on mechanical 
properties, the water content needs to be above a “plasticization threshold” (71, 
72).  
 
It was found that water addition in the range of 5~13% reduced α-relaxation 
temperature (measured by DSC) and β-relaxation temperature (measured by 
DMTA) of amorphous sucrose-starch mixtures (66). But the effect of water 
addition on the kinetics of enthalpy relaxation was not studied. In Chapter 4, 
the effect of water addition on glass transition and enthalpy relaxation of 
sucrose-glucose syrup solid (GSS) amorphous mixtures was investigated. 
These reported studies indicated the complexity and difficulty to study 
enthalpy relaxation kinetics even in model systems; although such model 
systems were much simpler in comparison to complex and heterogeneous 
amorphous real foods.  
 
As discussed in Chapter 2, for amorphous foods and pharmaceuticals 
containing sugar-starch mixtures, the knowledge of both glass transition and 
enthalpy relaxation plays a critical role in understanding and predicting their 
quality changes during storage. However, studies in the literature in this area 
are limited, particularly on enthalpy relaxation. Several reported studies, such 
as Kalichevsky et al (39) and Carvalho & Mitchell (90), focused only on glass 
transition of sugar-starch mixtures with medium and/or high range of moisture 
content (around 10~25% for former and 8~50% for latter) and with only one 
or two concentration of sucrose contents (less than 20%, w/w, db). However, 
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common amorphous foods containing starch and sugar, such as breakfast 
cereals, contains only 3~5% moisture or less (89). In Poirier-Brulez et al (66), 
5~13% moisture range  in sucrose-starch based glasses was studied for glass 
transition but only with up to 20% sucrose addition. Furthermore, the study on 
enthalpy relaxation was on just one aging temperature (i.e. Ta=Tg-15ºC) and 
with one moisture content (i.e. 12%), which could not provide a systematic 
understanding on the kinetics of enthalpy relaxation. In this chapter, the effect 
of water addition on the glass transition and enthalpy relaxation of a sucrose-
starch model system was systematically studied.  
 
7.2. Materials & Methods 
 
Anhydrous amorphous mixtures of sucrose and gelatinized corn starch were 
prepared using the methods described in Chapter 6. Five weight ratios of 
sucrose to starch, i.e. 100/0, 80/20, 60/40, 40/60 and 20/80 (denoted as 
Sucrose, Su80St20, Su60St40, Su40St60 and Su20St80. respectively), were 
used in this study.  
 
Amorphous dry sample of 0.5 g was weighed and placed into the plastic 
container of a water activity meter (AquaLab, Washington, USA). The 
amorphous samples were equilibrated with different saturated salt solutions 
for 2 weeks to achieve different moisture content. The gained weight after 
equilibration was recorded to calculate the moisture content. The salts for 
saturated salt solutions were LiCl (aw ≈ 0.113), CH3COOK (aw ≈ 0.225), and 
MgCl (aw≈0.329) at 25ºC. Lithium chloride (98% purity) was purchased from 
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Alfa Aesar (Heysham, Lancashire, UK). Potassium acetate (extra pure) and 
magnesium chloride haxahydrate were purchased from Merck (Damstadt, 
Germany). Before DSC analysis, the samples were confirmed to be fully 
amorphous by using FTIR method suggested by Wolkers et al (73) (FTIR 
results not shown here). The amorphous sucrose and Su80St20 equilibrated at 
aw≈0.329 were found to be crystallized after equilibration. 
 
The procedures of thermal analysis and mathematical modeling were the same 
as those described Chapter 6. 
 
7.3. Results & Discussion 
7.3.1. Moisture Absorption 
 
The moisture contents of the amorphous sucrose-starch mixtures through 
absorption during equilibration at different water activities were shown in 
Figure 7-1. Amorphous sucrose and Su80St20 crystallized after two weeks 
equilibration at aw=0.329. Crystallization of amorphous sucrose during 
equilibration has been discussed in previous chapters. Amorphous Su80St20, 
i.e. with 20% starch addition, also crystallized after equilibration. Low 
molecular weight amorphous components have tending to crystallize after 
absorbing moisture, such as amorphous sucrose, glucose and other simple 
sugars. In order to control their crystallization, another component, such as 
glucose syrup solid, could be added through molecular dispersion to control its 
crystallization. This has been demonstrated in Chapter 4 and commonly 
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applied in hard candy manufacturing. In this study, only starch addition of 
more than 40% could prevente sucrose crystallization during equilibration at 
aw=0.329. As discussed Chapter 6, the homogeneity of molecular dispersion 
between starch and sucrose is non-conclusive and doubtable especially when 
one of them is dominating in a mixture, e.g. sample with 80% sucrose or 
starch. In Su80St20, a possible heterogeneous molecular distribution with 
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Figure 7-1: Moisture absorption by the sucrose-starch mixtures at different 
water activities. 
 
As shown in Figure 7-1, at the same water activity, the moisture content of the 
sucrose-based mixtures increased an increase of starch addition. Similar 
results were reported in Poirier-Brulez et al (66). This suggests that an 
increase of starch content in the mixtures result in a higher water holding 
capacity at the same water activity. A possible reason could be that the fully 
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gelatinized starch was completely amorphous, and had less dense structure 
with more air pockets that allowed more interaction with water molecules and 
therefore higher water sorption, in comparison with sucrose. To explain 
reduction in water sorption due to sucrose increase in starch-based mixtures, 
Poirier-Brulez et al (66) suggested that the competition between sucrose and 
water molecules for interaction with the polar groups in starch molecules and 
the replacement of water molecules by sucrose molecules resulted in the 
reduced water absorption.  
 
As stated in Poirier-Brulez et al (66), water activity was a practical parameter 
to consider for preparing samples, while water content was more relevant 
when considering glass transition temperature or stability. Therefore in their 
study, results were discussed as a function of water content rather than water 
activity. The same approach has been adopted in this chapter, except in some 
situation water activity is used for easy comparisons. 
 
7.3.2. Glass Transition 
 
The effects of starch addition on glass transition temperature at different water 
activities (Figure 7-2a) were similar to those at dry state which was discussed 
in Chapter 6. At the same water activity, the expected powerful anti-
plasticization effect of starch addition was absent in the sucrose-based 
mixtures. Due to their similar chemical structure with numerous hydroxyl 
groups on carbon rings, sucrose and starch are expected to be molecular 
miscible and interact with each other through hydrogen bonding. In the 
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sucrose-based mixtures containing starch, the anti-plasticization effect of 
starch addition was not effective even when water was added, although the 
added water was supposed to enhance the sucrose-starch miscibility and 
interactions. Similar to other mixtures containing a low molecular weight glass 
and a high molecular weight glass, the thermally determined Tg seemed to be 
mainly contributed by low molecular weight glass, in this case, sucrose. 
Changes in heat capacity during glass transition being too small, transition 
zone being too broadended, and thermal degradation before Tg are the three 
main reasons suggested for the absence of thermal Tg signal for high 
polymeric glasses and mixtures containing them. Usually, water was added 
into polymeric glasses such as starch to lower its Tg for thermal determination. 
However, in this study, water addition seemed not effective enough for such 
purposes. A possible reason could be the every small amount (less than 5%) of 
water added. In fact, the theoretical starch Tg in this moisture range is still 
more than 180ºC  and it is hard to be measured by DSC.  
 
Regarding the effect of water addition on Tg, it had a pronounced 
plasticization effect. The drop of glass transition temperature of the sucrose-
starch mixtures was almost linear with increase of water content (Figure 7-2b), 
and the decrease magnitude was 8~10ºC with every 1% addition of water (w/w, 
db). This may suggest similar nature of all sucrose-starch mixtures even 
though their chemical compositions were pronouncedly different from each 
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Figure 7-2: Glass transition temperatures (midpoint) of the sucrose-starch-
water mixtures. 
 
For anhydrous sucrose-starch mixtures, a pronounced effect of starch addition 
on increase of the width of glass transition zone was found, which indicates 
that with starch addition the sucrose-based mixtures transformed from a fragile 
glass to a relatively stronger glass. This effect remained the same for the 
mixtures at the different water activities (Figure 7-3). However, the water 
addition did not significantly change the Tg width, which might be due to the 
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Figure 7-3: Glass transition width for sucrose-starch mixtures at different 
water activities. 
 
7.3.3. Enthalpy Relaxation 
 
In anhydrous state, starch addition decreased β values from sucrose-like 
(β=0.6) to starch-like (β=0.4), and therefore broadened the relaxation time 
spectrum and increased the molecular mobility deviation of the sucrose-based 
mixtures. When water was added into the mixtures, the effect of starch 
addition at the same water activity seems to be non-conclusive (Figure 7-4a). 
A possible reason for such phenomena could be the variation in water content 
at the same water activity. Constant water content may be a necessary 
parameter to understand the effect of starch addition, such as in the situation of 
anhydrous state. The effect of water addition was therefore studied as shown 
in Figure 7-4b where the ratio of sucrose to starch was constant in the mixtures. 
The effect o seems to individual sample dependent. With increase of water 
addition from dry state, the values of β for each sample changed as follows: 
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Sucrose: increased then decreased (after that it crystallized); 
Su80St20: decreased then increase (after that it crystallized); 
Su60St40: increased then decreased; 
Su40St60: did not change then slightly increased; 
Su20St80: did not change then increased, after that decreased. 
When water is added into an amorphous material, it breaks the original 
molecular interactions such as hydrogen bonding between components in the 
material before it forms new hydrogen bonding between water and the 
components. In some cases, it may just weaken the original molecular 
interactions. However, as shown in the anti-plasticization effect of water 
addition, steric hindrance due to water addition could result in retarded 
molecular mobility (71). Furthermore, among several different molecular 
motions, water may have different effects on each of them, like in the case of 
PVP described earlier in the introduction section. All of these findings in the 
literature make it hard to conclude the effect of water addition on molecular 
motions, especially the specific local molecular mobility that correspond to 
enthalpy relaxation. An ad-hoc approach is then necessary. Glass with small 
and simple molecular structures, such as glucose and sucrose, could make the 
study of the effect of water addition on enthalpy relaxation easier. However, 
due to the crystallization trend of small molecule glass after moisture 
absorption, the range of water content available for such a study is very 
limited, as demonstrated by the sucrose glass in this study. There was no 
consistent trend for the effect on water addition in relaxation time spectrum 
across the whole sucrose-starch system. The effects varied and were specific 
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for different glass, due to different molecular interactions in the glass and 
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Figure 7-4: Values of β in KWW equation for the sucrose-starch mixtures. 
 
In anhydrous state, starch addition dramatically slowed down the relaxation 
speed of the sucrose-based mixtures. Such effect was largely kept for the 
mixtures at different water activities (Figure 7-5). Some exceptions were 
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found such as Su60St40 at aw=0.113, Su20St80 at aw=0.225 and aw=0.329, 
which might be due to different amounts of water sorption in different samples 
at the same water activity. Therefore,  Figure 7-6 presents the τ values as a 
function of water content. The trends of τ value with increase of water addition 
were as follows: 
Sucrose, Su80St20: increased then decreased (limited data due to 
crystallization at high aw) 
Su60St40: decreased then increased 
Su40St60: increased then decreased 
Su20St80: decreased 
 
When the starch addition was at only 20%, the mixture behaved similarly to 
sucrose alone. As stated earlier for the phenomena of its crystallization upon 
moisture absorption, molecular motion was retarded (similar to anti-
plasticization to Tg) first while water was absorbed, followed by a motion 
acceleration then by crystallization when water sorption increased further. 
When the starch addition reached 40%, molecular motion increased then 
decreased with further moisture sorption. However, even at around 4% 
moisture sorption, its relaxation speed was still faster than that of the dry state. 
Such molecular motion acceleration effect was quite obvious when the starch 
addition reached 80%. In Su20St80, all sucrose molecules should interacte 
with starch molecules due to its low concentration. When water was absorbed, 
it competed with starch molecules to interact with sucrose molecules. So the 
replacement of water could release the sucrose molecules from restriction by 
starch molecules. Therefore the relaxation speed was increased (i.e. smaller τ 
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values). By the same arguement, the relaxation speed should also increase in 
Su40St60. But the contrary results were found, as the relaxation speed was 
generally reduced in Su40St60 (i.e. increased τ value). Although an 
acceleration with further moisture sorption was shown in Su40St60, it is not 
conclusive without data at higher moisture contents.  
 
In summary, water addition had similar effect on Sucrose, Su80St20, and 
Su40St60, where the relaxation speed decreased with initial water addition 
from dry state and then increased with further addition. For Su60St40, initial 
water addition from dry state dramatically increased the relaxation speed and 
then further addition reduced such acceleration effect. For Su20St80, water 
addition continuously increased the relaxation speed. 
 
Using KWW equation together with β and τ values in Figure 7-4 and Figure 
7-5, other relaxation parameters, such as time required to reach half of the 
possible maximum relaxation and 99% of the possible maximum relaxation, 
could be calculated. Generally the trend of these two parameters were similar 
to that of τ values, therefore the corresponding figures are not shown here. The 
model quality is shown in Figure 7-7, where the relaxation enthalpy values 
calculated using KWW equation with β and τ values in Figure 7-4 and Figure 
7-5 are compared with those values measured by DSC through aging 
experiments at corresponding time and temperature. All data points evenly 
distributed and scattered around line y=x, which suggests a good model 
quality. The corresponding mean square error MSE was 0.186 and correlation 
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Figure 7-5: Values of τ in KWW equation for the sucrose-starch mixtures at 
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Figure 7-6: Values of τ in KWW equation for the sucrose-starch mixtures as a 
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Figure 7-7: Relaxation enthalpy calculated from KWW equation versus that 
measured from DSC aging experiments for sucrose-starch-water system 




To conclude this study, when water was added to amorphous mixtures of 
sucrose and starch, many effects of starch addition on glass transition and 
enthalpy relaxation, including non-pronounced anti-plasticization effect on Tg, 
broadening of Tg width, reduction of β values and increase of τ values, were 
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kept similarly to those of anhydrous mixtures. Meanwhile, water addition 
showed a straightforward Tg plasticization effect, but it had little effect on the 
Tg width. In contrast to its effects on glass transition, the water addition 
showed complicated effects on enthalpy relaxation. Water addition had no 
consistent effect on β values across the mixtures and the effect was specific to 
individual sucrose-starch mixtures. Initial addition of water from dry state may 
have a retardation or acceleration effect on the relaxation speed depending on 
the composition of mixture, but further addition of water will have an 
acceleration effect on the relaxation speed. This is similar to the effect of 














8. PRELIMINARY STUDY ON TEXTURE 
CHANGES OF TABLET AND CANDY SYSTEMS 
8.1. Introduction 
 
In order to avoid unwanted changes in physical and chemical properties of an 
amorphous material during its storage, a good sub-Tg storage condition must 
be achieved. In general, storage temperature (Ta) should be ideally 60°C lower 
than the glass transition temperature (Tg) of the material. However, in practice, 
such a storage condition may not be achievable or strictly controlled. For 
example, the storage temperature may not be lower enough; it could fluctuate 
during transportation; and sometimes moisture absorption could lower its Tg 
dramatically. Therefore, structural relaxation always takes place during sub-Tg 
storage. 
 
During structural relaxation, volume relaxation takes place together with 
enthalpy relaxation and both are considered as micro level structural relaxation. 
In the enthalpy relaxation, excess enthalpy is released; and in the volume 
relaxation, excess free volume is released. It is hypothesized that during 
structural relaxation, the amorphous material is getting more and more 
compact due to the release of the excess free volume. This could result in 
changes of physical properties of the amorphous material, which are 
considered as macro level structural relaxation. Texture change is a type of 
macro level structural relaxation. It was hypothesized that an amorphous 
material could have a harder texture under the same deformation or smaller 
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deformation under the same stress, which resulted from a more compact 
structure and volume relaxation (micro level structure relaxation). Under this 
hypothesis, the macro level structural relaxation should be correlated with 
micro level structural relaxation. In fact, both result from the same origin of 
molecular mobility, which is localized molecular mobility during sub-Tg 
storage such as rotational molecular mobility of side chains and small 
molecules. 
 
In the previous chapters, the enthalpy relaxation and its kinetics of different 
compositions of the two binary food systems under different storage 
conditions were studied. They may be correlated with texture changes during 
sub-Tg storage. Their relationship may be described by mathematical models. 
Under such a concept, two amorphous sample systems were chosen for study 
and they are sucrose-starch based tablet and sucrose-GSS based candy. In this 
study, tablets with various sucrose-starch ratios were aged under controlled 
storage conditions, which was 10°C lower that its corresponding Tg and dry 
environment. Meanwhile, candies with various sucrose-GSS ratios were aged 
at constant aging temperature 25°C and various humidity environments. A 3-
point bending test was chosen to study their texture changes during controlled 
aging, which included breaking force, breaking distance and Young’s 
Modulus (E). Their enthalpy relaxation was also monitored during the 
controlled aging. Because the sucrose-starch tablet underwent exactly the 
same preparation procedure as the sucrose-starch system in the previous 
chapter, its enthalpy relaxation study was not repeated in this chapter. 
However, the sucrose-GSS candy underwent a different sample preparation 
 155 
procedure as the sucrose-GSS system in the previous chapter, therefore its 
enthalpy relaxation was also examined. If the hypothesis is correct, Young’s 
Modulus (stress/strain ratio) should increase together with the relaxation 
enthalpy for both the candy and tablet samples. 
 
8.2. Materials and Methods 
8.2.1. Sample Preparation for Tablet 
 
Amorphous sucrose-starch mixtures with the sucrose/starch ratio 80/20, 60/40, 
40/60, 20/80, and 0/100 (named as Su80St20, Su60St40, Su40St60, Su20St80, 
and St, respectively) were prepared as described in Chapter 6. Sample powder 
of 1.50 g was weighed. A customized die system with 30 mm × 10 mm 
rectangular hole was used for tablet moulding. Sample powder was carefully 
and evenly spread in the die system and compressed under 10 tons force for 3 
mins (the corresponding pressure was around 327 MPa). Rectangular tablets 
of 30 mm in length and 10 mm in width were produced and placed in glass 
desiccators for further experiment. 
 
8.2.2. Structural Relaxation of Tablet 
 
According to the previous chapter, the glass transition temperature (Tg) of 
Su80St20, Su60St40, Su40St60, Su20St80 were 53.4°C, 58.6°C, 66.5°C, and  
66.6°C respectively. The glass transition temperature of St (freeze-dried 
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gelatinized corn starch) is not measurable. The tablet sample in glass 
desiccators with P2O5 desiccant were placed in an oven at approximately 20°C 
above its glass transition temperature for 1 hour (i.e. 80°C for Su80St20 and 
Su60St40; 90°C for Su40St60 and Su20St80) before it was placed in a freezer 
of -35°C for another hour. After that, the tablet sample was equilibrated at 
25°C for 1 hour prior to undergoing structural relaxation. Structural relaxation 
experiment was conducted in a controlled environment, at approximately 10°C 
below the sample’s glass transition (i.e. 45°C for Su80St20 and Su60St40, 
55°C for Su40St60 and Su20St80), for 1, 2, 3, 7, 14 and 28 days, respectively. 
Texture analysis was performed after the structural relaxation. The tablet 
samples were equilibrated at 25°C for 1 hour before the texture analysis to … 
(state the purpose of doing this equilibration). Since Tg of St is not measurable, 
it underwent the same treatment as Su20St80. 
 
The textural analysis was performed using a texture analyzer TA.XT.plus and 
a 3-point blending test kit (Stable Micro System Ltd, Surrey, UK). The gap 
between the supporting blades was 20 mm. A 5 kg load cell was used. Test 
speed was at 0.1 mm/s. Six replicates were performed for each test. 
 
8.2.3. Sample Preparation for Candy 
 
Sucrose (SIS, Singapore) and glucose syrup (Suntop, DE=42, 85% solid 
content, Singapore) were purchased from local market. Phosphorus pentoxide, 
Potassium acetate, and magnesium chloride haxahydrate were purchased from 
Merck (Damstadt, Germany); Lithium chloride (98% purity) from Alfa Aesar 
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(Heysham, Lancashire, UK). Silica gel with blue indicator were purchased 
form Sino Chemical (Singapore). 
 
The boiled hard candy was manufactured in a commercial confectionary 
laboratory. Three types of candy samples were manufactured according to 
different sucrose-GSS ratios, i.e. 25/75, 50/50, and 75/25 (thereafter named 
S25G75, S50G50, and S75G25 respectively). 100% sucrose candy sample was 
rejected due to instant crystallization during syrup cooking. 100% GSS candy 
sample was also rejected due to its irregular shape resulted from high viscosity 
and therefore moulding difficulty. Basic sample information of the three types 
of candy is listed in Table 8-1. 
 
Table 8-1: Sample information of three types of candy (n=6) 
 
 S75G25 S50G50 S25G75 
Weight (g) 3.71+0.11 4.12+0.09 3.84+0.07 
Length (mm) 23.99+0.80 23.83+0.07 24.05+0.20 
Width (mm) 17.32+0.10 17.14+0.13 17.37+0.07 
Height (mm) 6.67+0.14 7.52+0.09 7.00+0.17 
 
A commercial molding machine was preheated prior to molding. Its funnel 
and depositing neck were preheated to 135°C and 138°C respectively. Sucrose 
and glucose syrup were weighed according to their solid ratios. Water was 
added at the water-sucrose ratio of 3:10. The mixture was heated and stirred to 
ensure that all sucrose solids were dissolved. After it was heated to 142°C, the 
mix was poured into the preheated funnel of the molding machine. Molten 
sample of around 4 g was deposited into a rectangle candy mould. The 
deposited candy sample was cooled to room temperature in a dry room for 
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around 10 minutes before it was removed from the mould and packed with 
silica gel desiccant in a small aluminum bag. It was stored in a 4°C fridge until 
further analysis. 
 
Before the candy samples underwent controlled structural relaxation 
experiment, their thermal history was erased. Glass desiccators with 4 types of 
chemicals were used, i.e. phosphorus pentoxide with silica gel, and 3 types of 
over-saturated salt solutions of LiCl, CH3COOK, MgCl respectively. Candy 
samples in glass desiccators were placed in an oven at 10°C above its 
corresponding Tg for 1 hour before they were placed in a -30°C freeze for 
another 2 hours. After that, they were placed under room temperature of 25°C 
for controlled structural relaxation experiment. 
 
8.2.4. Structural Relaxation of Candy 
 
Four types of controlled storage environment were created by using glass 
desiccators with chemicals, i.e. phosphorus pentoxide with silica gel (aw≈0 at 
25°C) and three types of over-saturated salt solutions including LiCl (aw ≈ 
0.113 at 25°C), CH3COOK (aw ≈ 0.225 at 25°C), and MgCl2 (aw≈0.329 at 
25ºC). 
 
After erasing the thermal history, the structural relaxation of the candy 
samples were monitored by using a differential scanning calorimeter (DSC) 
for determining  glass transition temperature (Tg-DSC) and relaxation enthalpy 
(∆H), and by using a texture analyzer for measuring texture changes. 
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Meanwhile, the moisture content of the samples was monitored using the 
AOCS Official Method 925.45B. In all experiments except the DSC 
experiments, 6 replicates were analyzed. Three replicated were analyzed in the 
DSC experiments. All analysis results were statistically analyzed by using 
software SPSS 12.0. 
 
The differential scanning calorimeter and the calibration procedure as 
described in Chapter 3 were used. Candy granules of 4 – 9 mg was weighed 
into a 40 µl aluminum standard crucible (Mettler- Toledo, Switzerland) and 
hermetically sealed with aluminum standard lid (Mettler-Toledo, Switzerland). 
The candy sample was first heated from 60°C below its Tg to 40°C above its 
Tg at a heating rate of 10°C/min. Then it was cooled down to 60°C below its Tg 
at 20°C/min and heated to 200°C at 10°C/min. Glass transition and enthalpy 
relaxation were analyzed using STARe software (Version 8.01, Mettler- 
Toledo, Switzerland) according to the method described by previous chapters.  
 
A texture analyzer Instron 5565 (Norwood, USA) equipped with a 500 kg load 
cell and a 3-point bending kit (2 mm) was used for flexure test of the candy 
samples. The supporting span was 20 mm and the top probe moving speed was 
at 1 mm/min. 
 
8.3. Results and Discussion 
8.3.1. Sucrose-Starch Based Tablet 
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Figure 8-1 shows the changes in breaking force, breaking distance and 
Young’s Modulus measured by the 3-point bending test of different tablet 
samples during controlled sub-Tg storage. The breaking force, breaking 
distance, and Young’s Modulus showed a sudden increase after 2~3 days 
storage, and then fell back to and fluctuated around the value before the sub-Tg 
storage. In fact, during the controlled storage at Ta=Tg-10°C, the enthalpy 
relaxation took place very fast. Generally more than 60~70% of the maximum 
relaxation enthalpy could be released within 2 days. Together with this 
enthalpy relaxation, a sudden increase in Young’s modulus was observed. This 
agreed with the proposed hypothesis in the previous section.  
 
However, after day 3, there was no clear relationship between the texture 
changes and relaxation enthalpy. According to the hypothesis, Young’s 
modulus should keep increasing during the enthalpy relaxation, and there 
might be a level-off for the increment at a later stage, which is similar to the 
enthalpy relaxation kinetics as described in Chapter 3 & 4. However, this was 
not observed in this study. Instead, for some samples like Su60St40 and 
Su40St60, there was a fall back in Young’s Modulus after the initial increase. 


















































































































































































































































































































Figure 8-1: Changes in (a) breaking force, (b) breaking distance and (c) 
Young’s Modulus measured by the 3-point bending test of different tablet 
samples during controlled sub-Tg storage up to 28 days. 
 
8.3.2. Sucrose-GSS Based Candy 
 
All the experimental data of the candy system were plotted in Figure 8-2, 
Figure 8-3, and Figure 8-4 (thereafter called “3 figures”). The moisture 
contents before the structural relaxation were 1.38±0.26%, 1.25±0.35% and 
1.37±0.41% for S75G25, S50G50, and S25G75 respectively. Their moisture 
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contents had some fluctuation during the controlled storage up to 28 days, but 
these fluctuations were statistically insignificant (p>0.05), as show in Row 1 
of the 3 figures. In another word, the composition of all candy samples could 
be considered as unchanged during the controlled storage. As shown in Row 5 
of the 3 figures, the values of Tg of all samples were kept the same during the 
storage. Since the values of Tg were very sensitive to composition changes as 
shown in the previous chapters, this confirmed the previous conclusion of 
unchanged composition. 
 
Majority of the enthalpy relaxation was completed in 2 days, 7 days and 10 
days for S75G25, S50G50, and S25G75 respectively, as shown in Row 2 of 
the 3 figure. The values of Tg for S75G25, S50G50, and S25G75 were 
35.16±0.02°C, 42.94±0.28°C, and 52.12±0.02°C respectively. The aging 
temperature Ta was at 25°C. Therefore, the distances between Ta and Tg were 
around 10°C, 17°C and 27°C for S75G25, S50G50, and S25G75 respectively. 
According to our study in Chapters 3 and 4, the S75G25 samples would 
experience a very fast enthalpy relaxation, and the S25G75 ones would 
experience a relatively slow enthalpy relaxation. 
 
Texture changes were represented by the breaking force during the 3-point 
bending test. Because the candy samples were too brittle, the breaking 
distance could not be properly measured and therefore Young’s modulus could 
not be reliably determined. It can be seen from Row 3 of the 3 figures that the 
breaking force showed different trends for different candy samples at different 
controlled storage environment. 
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The breaking force was plotted against the relaxation enthalpy to explore the 
relationship between the macro-level and micro-level structural relaxation. 
Different relationships were found for different samples at different storage 
conditions. For S75G25, there was a decrease of breaking force with the 
increase of relaxation enthalpy at aw=0, but an increase of breaking force with 
the increase of relaxation enthalpy at aw=0.329. Meanwhile, there was no clear 
relationship between them at aw=0.113 and aw=0.225. In fact, for S75G25, 
majority of the enthalpy relaxation were completed within 2 days, but major 
texture changes happened after day 2. This suggests that enthalpy relaxation 
took place prior to texture changes in S75G25. 
 
For S50G50, the relationship between the breaking force and relaxation was 
more obvious. At aw=0 and aw=0.113, the breaking force decreased with the 
increase of relaxation enthalpy. At aw=0.225 and aw=0.329, when the 
relaxation enthalpy was below 5 J/g, there was no relationship between the 
breaking force and relaxation enthalpy; and when the relaxation enthalpy was 
above 5 J/g, there was also no relationship between the breaking force and 
relaxation enthalpy. But there was a sudden jump in the breaking force when 
the relaxation enthalpy increased from below 5 J/g to above 5 J/g. This is 
similar to a jump of free volume or other properties while the temperature 
crosses over Tg. According to Row 2 of Figure 8-3, the relaxation enthalpy 
showed a quick increase before reaching 5 J/g and a level-off after reaching 5 
J/g. This also suggests that in the S50G50 candy, there was a quick change in 
the enthalpy relaxation, followed by a slow change in the enthalpy relaxation 
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but a sudden increase in the texture. For S25G75, there was no clear 
relationship between the breaking force and relaxation enthalpy. 
 
As mentioned earlier, the distance between Ta and Tg was around 10°C, 17°C 
and 27°C for S75G25, S50G50, and S25G75 respectively. Under such 
relaxation conditions, the enthalpy relaxation of S75G25, S50G50, and 
S25G75 were expected to undergo the majority of the enthalpy relaxation 
(60~70%) within 2 days, 7 days, and several weeks, respectively. However, in 
this experiment, the observed texture changes of these samples seemed to take 
place after this majority enthalpy relaxation period. In another word, during 
the controlled sub-Tg storage, first a rapid change in the enthalpy relaxation 
took place and there was no dramatic change in the texture; after this stage, the 
change of enthalpy relaxation had a level-off and again there was no dramatic 
texture change; but between these two stages, there was a sudden jump in the 

















































































































































































































































































































































Figure 8-2: Changes in (1) moisture content, (2) relaxation enthalpy, (3) 
breaking force, and (5) Tg-DSC of S75G25 candy samples during controlled 


























































































































































































































































































































Figure 8-3: Changes in (1) moisture content, (2) relaxation enthalpy, (3) 
breaking force, and (4) Tg-DSC of candy S50G50 during controlled structural 













































































































































































































































































































Figure 8-4: Changes in (1) moisture content, (2) relaxation enthalpy, (3) 
breaking force, and (5) Tg-DSC of candy S25G75 during controlled structural 




The relationship between texture change and enthalpy relaxation is not as 
simple as they were hypothesized. In both systems, there were two stages of 
enthalpy relaxation: a rapid relaxation stage followed by a slow relaxation 
stage. During both stages of the enthalpy relaxation, there was no observed 
clear change in the texture. However, there was a sudden jump in texture 
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change when the enthalpy relaxation underwent from the rapid stage to the 
slow stage. In this study, the critical point between the rapid stage and slow 
stage of the enthalpy relaxation was found to be hard to determine. More 























9. CONCLUSIONS AND RECOMMENDATIONS 
 
In amorphous materials containing small molecules like sucrose, adding an 
anti-plasticizer with higher Tg and lower molecular mobility is commonly 
suggested to retard the molecular mobility of the materials through elevating 
their Tg and reducing the enthalpy relaxation speed (i.e. increasing τ value). 
By doing so, the stability of the amorphous materials could be increased 
during storage. In an amorphous sucrose-based system, both pre-gelatinized 
corn starch and glucose syrup solids (GSS) can theoretically be considered as 
effective plasticizers, adding which could elevate the Tg and reduce the 
enthalpy relaxation speed of the system. Universal plasticizer water is 
commonly absorbed by amorphous samples due to their hydroscopic nature. 
Theoretically its absorption should decrease the Tg and increase the enthalpy 
relaxation speed (i.e. decreasing τ value). In this thesis, the effects of GSS, 
starch and water addition on the glass transition and enthalpy relaxation of 
sucrose-based mixtures were studied. 
 
9.1. Effect of Anti-plasticizer Addition 
 
When GSS was added into amorphous sucrose, the Tg of the mixture had a 
sudden drop with the initial addition at 25%, which was against the theoretical 
prediction for an anti-plasticization effect. A loose glassy structure due to a 
big net loss of hydrogen bonding during the mixing of sucrose and GSS was 
suggested to be the reason. With further addition of GSS, the expected anti-
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plasticization effect was found, but it was slightly different from the 
theoretical prediction using Gorden-Taylor equation and free volume theory. 
 
In contrast to the adding of GSS, when pre-gelatinized corn starch was added 
into amorphous sucrose, there was no significant anti-plasticization effect on 
the Tg. Meanwhile, thermal induced crystallization of amorphous sucrose-
based mixtures during heating was found for the mixtures containing 20% and 
30% starch. Such thermal induced crystallization of the sucrose-starch 
mixtures was similar to that of amorphous sucrose (freeze-dried). Sucrose-rich 
regions resulting from a limited molecular miscibility between sucrose and 
starch was proposed, especially when sucrose was dominating in the mixtures. 
Such thermal induced crystallization was absent after the addition of GSS and 
this suggests a good molecular miscibility between sucrose and GSS. 
 
When GSS was added into amorphous sucrose, the value of β in KWW 
equation decreased as an indication of increasing relaxation time spectrum. 
Retardation of relaxation speed (i.e. increase of τ values) was also found after 
the addition of GSS. Similar to GSS addition, the addition of starch also 
decreased the β values and retarded the enthalpy relaxation speed. 
 
From the studies on both glass transition and enthalpy relaxation, GSS was 
suggested to be molecular miscible with sucrose and the molecular interaction 
through hydrogen bonding took place between them. However, starch was 
suggested to have limited molecular miscibility with sucrose and the 
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molecular interaction through hydrogen bonding between them, although 
existing, was also suggested to be limited. 
 
Results of this study revealed that the effect of anti-plasticizer addition into 
amorphous materials depends on their chemical nature. If they are completely 
molecular miscible, like sucrose and GSS, the anti-plasticization effect on 
glass transition and enthalpy relaxation could be expected. However, if they 
have limited molecular miscibility, like sucrose and starch, the anti-
plasticization effect on glass transition may be absent but its effect on enthalpy 
relaxation may still exist. Meanwhile, special cases may also exist such as the 
“eutectic” effect on Tg between 75% sucrose and 25% GSS. 
 
9.2. Effect of Plasticizer Addition 
 
The effects of water addition on the glass transition and enthalpy relaxation of 
the sucrose-GSS mixtures and the sucrose-starch mixtures were both studied. 
In both mixtures, after water addition, the previously discussed effects of GSS 
addition and starch addition on the glass transition and enthalpy relaxation of 
the sucrose-based mixtures were kept similar at the same water activity.  
 
Plasticization effect of water addition on Tg in both mixtures was 
straightforward. However, a deviation from the theoretical predication was 
found for sucrose and some sucrose-GSS mixtures (with 50% and 75% of 
GSS). In those samples, a sudden drop with the initial addition of water from 
anhydrous state was found, which was followed by a gradual leveling-off with 
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further addition of water. Meanwhile, different plasticization effectiveness was 
found for different amorphous samples, for example, 1% addition of water 
could decrease the Tg by around 7ºC for GSS, around 4ºC for the sucrose-GSS 
mixtures of 25% GSS, around 8~10ºC for all sucrose-starch mixtures. 
 
In contrast to the straightforward plasticization effect of water addition on Tg, 
a complicated and component-specific relationship between the enthalpy 
relaxation and water addition was found for both sucrose-GSS mixtures and 
sucrose-starch mixtures. This is contradictive to the theoretical predication. In 
both mixtures, there was no clear relationship between β value and water 
addition. In the sucrose-GSS mixtures, water had an anti-plasticization 
(retardation) effect on the enthalpy relaxation speed (i.e. increase of τ values) 
by its initial addition from anhydrous state in most of the samples. Among 
those samples, only for sucrose and GSS, further addition of water was found 
to have an expected plasticization (acceleration) effect on the enthalpy 
relaxation speed (i.e. decrease of τ values). And the threshold value of water 
addition for its plasticization effect was different between sucrose and GSS. 
Meanwhile, an exceptional case was found for the sucrose-GSS mixture with 
25% GSS, in which the initial addition of water from anhydrous state had a 
plasticization effect on the enthalpy relaxation speed, and further addition of 
water had an anti-plasticization effect.  
 
Different component specific effects of water addition were also found in the 
sucrose-starch mixtures. Water had an anti-plasticization (retardation) effect 
on the enthalpy relaxation speed by its initial addition from anhydrous state 
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followed by a plasticization effect for further addition, in some samples 
including sucrose, Su80St20, and Su40St60. However, the anti-plasticization 
effect by the initial addition was absent in Su20St80 and Su60St40, in which 
only plasticization effect was found for water addition. Complex mechanism 
such as “hole-filling” and “cold-relaxation” behind the effect of water addition 
could exist due to the small size of water molecule. The effect of water 
addition on the enthalpy relaxation deemed to be specific to individual 
samples and an ad-hoc approach is suggested for such studies. 
 
The effect of water addition into an amorphous material also requires an 
understanding of the nature of their molecular interactions. In this study, the 
effect of water addition was quite straightforward on the glass transition but 
component specific on the enthalpy relaxation. When the addition level was 
low, either an anti-plasticization effect or a plasticization effect could take 
place depending on the molecular interaction between them. However, its 
further addition would have a plasticization effect in most of the samples. 
 
9.3. Macro and Micro Level Structural Relaxation 
 
The relationship between macro- and micro-level structural relaxation was 
studied using a sucrose-starch based tablet system and a sucrose-GSS based 
candy system. During the sub-Tg storage of the sucrose-starch tablets at 10˚C 
below their corresponding Tg, a sudden increase of Young’s modulus (E) was 
found in the first 2 days during which a fast enthalpy relaxation took place. 
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Young’s modulus fell back to its previous level after this period and remained 
similar while a slow enthalpy relaxation took place. 
 
The sucrose-GSS based candy system was aged at different temperatures and 
also in different humidity environments. The samples were aged at three 
temperatures with different distance below their corresponding Tg, so that 
different enthalpy relaxation kinetics could be associated with 3 different sub-
Tg relaxation conditions. It was found that the relationship between the 
enthalpy relaxation and texture change depended on the stage of the enthalpy 
relaxation. For the enthalpy relaxation, there was an initial rapid stage 
followed by a slow stage. In the initial rapid stage, no clear relationship could 
be found between them, e.g. in the candy samples with 50% GSS in the first 7 
days and the candy samples with 75% GSS in the entire observation period of 
28 days. In the later slow stage, no clear relationship could be found between 
them either, e.g. in the candy samples with 25% GSS after 2 days and the 
candy samples with 50% GSS after 7 days. However, when the enthalpy 
relaxation transited from the rapid stage to the slow stage, a sudden increase of 
the breaking force was observed in the candy samples with 50% GSS.  
 
9.4. Recommendations for Future Research 
 
This project has advanced the study of structural relaxation to binary and 
tertiary food systems. Furthermore, it has attempted to reveal the relationship 
between micro and macro level structural relaxation. However, due to the 
complex nature of food materials such as GSS and starch, many of the 
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findings demands further understanding of fundamental issues, particularly on 
the molecular mobility and interactions. It may be a good idea to study the 
enthalpy relaxation of some simple mixtures before advancing to complex 
materials. Taking glucose, maltose, maltotriose, and other maltodextrin 
components with similar chemical structure as an example, study of some 
binary mixtures containing components chosen from this group could help to 
better reveal the relationship between the effect of plasticizer/anti-plasticizer 
addition and the enthalpy relaxation kinetics.  
 
Meanwhile, the experimental design for studying the relationship between the 
micro and macro structural relaxation in this thesis was still preliminary. More 
studies need to be conducted on this subject to better understand their 
relationship. Other physical properties such as gas permeability of thin film 
may better represent the macro structural relaxation. Study between them and 
the enthalpy relaxation kinetics may show clearer quantitative relationship 
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